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This thesis describes research in intelligent automated drilling of carbon fibre 
composites. This work has been motivated by the aircraft industry where there is a 
significant interest in automating part of the production process to improve productivity 
and consistency. The requirements for automated drilling as well as problems inherent 
in drilling composites are addressed.  
 
Drilling Forces and moments are investigated and used to model the drilling process. A 
mathematical model is developed to represent the thrust forces and this model also 
accounts for aging of the tool. The quality of the holes produced was investigated and 
parameters such as surface finish, break outs and size of the holes were related to the 
drilling parameters and forces generated. 
 
A decision making algorithm has been designed to enable parameters to be varied 
during the drilling operation to maintain optimum conditions. This decision making 
algorithm takes into account inherent system limits and uses information such as age of 
the tool and maximum force allowed to provide the spindle speed and feed rate to be 
used at each stage of the drilling process. The aim of this algorithm is to choose the 
parameters which will minimize drilling time and tool wear while maintaining quality of 
the holes and respecting the initial conditions of maximum thrust force.    
 
The developed system has been implemented and shown to successfully drill holes of 
acceptable quality despite inherent aging of drill bits while maximising productivity.  
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This thesis work has been motivated by the aircraft industry where there is a significant 
interest in automating the process of assembling aeroplane components involving the 
drilling of large numbers of holes into carbon fibre composite materials for later 
fastening to alloy structures. Current methods are time consuming, costly and often 
involve the use of large dedicated assembly jigs or substantial manual labour. The 
advantages of automating the manufacture of these parts using commercially available 
robots include increased productivity and flexibility and reduced investment costs over 
dedicated automation methods. However, successful automation of hole drilling using 
such ‘lean automation’ techniques requires a better understanding of the forces, torques, 
feed rates and other parameters required to maintain hole quality.  
 
The development of such an automated system includes the study of many different 
sub- sub-systems; examples include the fixture of the parts being assembled, the 
accurate positioning of the robot and the control of the hole drilling process. Parts are 
commonly assembled by mechanically holding them together, drilling, disassembly and 
cleaning, and then reassembly and fastening using rivets. It has been reported in the 
literature that 40 million holes are drilled annually just for the manufacturing of 
aeroplane wings [1] in one assembly line. 
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The drilling operation is most critical due to the characteristics of the composites, and 
the reaction forces produced during drilling which might provoke deflections in the 
manipulator and consequently loss of accuracy. Poor fixture design accounts for nearly 
40% of part rejections [2], while poor hole drilling has been reported to account for 60% 
of all part rejections [3]. Because drilling is performed on nearly completed parts, such 
defects are very costly. Also the quality of the holes drilled on carbon composite has 
been linked to the strength of the joint being assembled [4] and fatigue life of the parts 
[5-7].  
 
New technologies have emerged in the market, such as laser drilling, ultrasonic[8], 
water jet, electrochemical spark machining [9], vibration [10, 11] or orbital drilling [12]. 
The high cost of these techniques allied to a limited range of applications have meant 
that conventional drilling still remains the dominant process for making holes [13]. 
 
The research work in this thesis concentrates on studying the conventional drilling of 
holes in carbon composites to assist in implementing an automated solution. At the heart 
of any automated hole drilling system is a sufficiently good understanding of the hole 
drilling process to enable it to be conducted automatically whilst retaining or improving 
hole quality, and the research work presented here contributes to this understanding. 
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1.2 Carbon Composites  
 
Carbon composite is one of the most advanced and adaptable engineering material 
known today [14].  Its use has revolutionised several industries, from sporting goods to 
car industry, aerospace and construction such as bridges. The popularity and success of 
carbon composite in these industries is largely due to the high strength and stiffness in 
relation to its weight. Other advantages are that composites are corrosion resistant, 
electrically insulating, show good damping properties and tailorability allowing for a 
reduction in tooling and assembly costs [10, 14].   
 
The constituents of a composite are its matrix and its reinforcement. The reinforcement 
is responsible for its strength and macroscopic stiffness carrying most of the structural 
loads. The matrix binds the reinforcement together, introducing the external loads 
effectively and protecting it from environmental effects. The matrix is therefore 
responsible for the shape, surface appearance, environmental tolerance and durability 
[14].  Matrices can be metal, ceramic or polymeric while the reinforcement can be 
carbon fibre, glass fibre and polymers. The arrangement of the reinforcement within the 
composite varies from randomly oriented to aligned, continuous or discontinuous 
configurations. The characteristics and properties of the composite depend on its 
constituents and the way they are aligned. The materials need to be chosen for each 
application to provide the necessary mechanical properties.    
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Composites can outperform many engineering materials although there are 
disadvantages too, such as poor temperature performance, high raw material cost, lack 
of knowledge and know-how,  and difficulty in machining [14].  
 
During the last fifty years, composites have been used as substitutes for other traditional 
materials such as wood, steel, aluminium, plastic and concrete, and new applications are 
continuously arising. However, new machining techniques are needed in order to 
expand the successful application of this promising material.  
1.3 Drilling Process  
Drilling is a common process used for unwanted material removal from the workpiece. 
The drilling of metal has been studied, analysed and optimised since the beginning of 
the 20th century. Although carbon composite is not metal, for many years industry has 
applied the theory: “cut it like metal”. The results of this theory were often poor finish 
quality and excessive tool wear. In this thesis, the vast knowledge of drilling metals is 
used but adapted for the drilling of carbon composites.  
 
The drilling process is a complex 3 dimensional process and is affected by numerous 
variables. The cutting speed or spindle speed and the feed rate are the basic parameters 
governing the drilling operation [15]. Other independent variables are the tool (material 
and geometry), the workpiece material and thickness, coolant, etc. The resultant 
variables are the forces and torques generated, the temperature, the type of chip, the 
quality of the hole and the tool wear rate.  
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The most popular drilling tool is the twist drill (see Figure 1.3.1). It has been designed 




Figure 1.3.1 Schematic of a Twist drill [16] 
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The web of the drill bit pierces the workpiece, chips are produced by the web and 
evacuated by the flutes, and finally the drill is guided in the hole already produced by 
the margins [17].  The requirements for the shape of the drill bit are usually conflicting, 
for example: 
• While a small web will reduce thrust force, a larger web will provide better 
resistance to chipping and give torsional rigidity. 
• Large flutes provide larger space for chip transport, while smaller flutes allow 
better rigidity. 
• An increase in the helix angle allows a faster removal of chips but reduces the 
strength of the cutting edges. 
 
It is possible to find in the market twist drills of varied geometry ideal for particular 
applications. Common twist drills are made of High Speed Steel (HSS), but this is not 
suitable for the drilling of composites because it wears so rapidly that even after only a 
few holes the quality is not acceptable. Tungsten Carbide and PCD (polycrystalline 
diamond) are, therefore, usually adopted to drill composites. While PCD shows better 
performance in relation to tool wear rate, the price is much higher than Tungsten 
carbide. Other shaped drill bits have also been designed for the drilling of composites. 




a) modified twist drill 
 
 
b) eight faced PCD drill 
 
 
c) Dagger drill providing better hole quality 
 
Figure 1.3.2 Other shaped drill bits for drilling composites [14] 
 
Drilling is usually a rough cut operation. For the applications where the diametric 
characteristics of the holes are essential, a combination of drills is used in the following 
order: 
1. Centring and counter-sinking to position the hole 
2. Drilling, which might become out of position due to deflection of the 
drill bit 
3. Truing the hole to centre position using a boring cutter 
4. Reaming the hole to its final size 
 
This sequence of operations is time consuming and in an environment such as aircraft 
manufacturing where thousands of holes need to be drilled per part, this can be a 
cumbersome operation. To overcome the positioning problem, the aircraft industry 
usually adopts the use of guides and fixtures which guarantee the correct positioning of 
the holes. To finish the holes to size, a drill bit has been developed which drills and 
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reams in one go, hence called a ‘one shot’ drill bit. The time savings of using this tool 
are evidently high compared to the traditional method of drilling and reaming in 
separate operations. 
1.3.1 One Shot Drill Bit 
 
For the application of drilling carbon composites, aircraft manufacturers commonly use 
a one shot drill bit which has specific characteristics ideal for carbon composites: 
• The web of the drill bit is very small to reduce the amount of thrust force and 
therefore avoid delamination. 
• Straight flutes are used to allow for the quick evacuation of the chips produced 
and for cooling of the cutting area. This characteristic is particularly important 
due to the highly abrasive nature of the chips which if not removed promptly 
will wear the drill bit prematurely. Keeping the temperature generated low is 
also very important due to the low thermal tolerance of the carbon composite. 
•  Two distinct cutting angles, for drilling and reaming in one operation. 
 




Figure 1.3.3 Schematic of one shot drill bit 
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The drawback of the shape of this drill bit is the lower rigidity due to the small web and 
large flutes. This means that it might be prone to break and chip if the drilling 
conditions are not ideal. Another disadvantage of this design is the chances of vibrating 
and chattering during the reaming process because of the decreased rigidity of the 
coupling between cutting face and workpiece. Nevertheless, this shaped drill bit is 
widely used for manual drilling of composites, and studies have found that this drill bit 
is economical, and produces good quality holes when compared to other shaped drill 
bits [14, 18] for the drilling of carbon composites. 
 
1.3.2 Modelling Drilling Process 
 
The relation between the drilling process variables has been studied for many years.  
Several models have been developed to estimate the thrust force and torque [12, 17, 19-
31]. These models range from mechanistic approaches [19, 26, 27], to  neural networks 
[25, 32]. Orthogonal cutting is a common approach for the modelling of carbon 
composites[17, 28, 29, 33, 34]. These models and are usually developed for a twist drill 
bit and do not take in account drill bit wear or ageing.  
 
From all the drilling models available, Shaw’s and Oxford’s models are very popular. 
From Oxford’s experiments in 1955 [31], the drilling process was divided into three 
components: extrusion under the chisel edge, secondary cutting along the chisel edge 
and primary cutting along the cutting edges. Later in 1957, Shaw and Oxford found the 
influence of the chisel edge on the total thrust force used and developed semi-empirical 
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equations for predicting the thrust force and torque in the drilling process. These 
equations (developed for the twist drill) are still used by many researchers [17, 35] due 
to their simplicity and have been shown to apply to the drilling of carbon composites 
[15, 36].  A brief explanation of Shaw’s equations will follow; for more details please 
refer to [31].  
 
Shaw’s equations 
The specific cutting energy ū (equation 1.1) or cutting energy per unit volume is 
developed to apply to a two dimensional cutting model of a single point tool.      
ū= 28 Fd
T      (1.1) 
where T is the torque in Nm, F is the Force in N and d the diameter in mm. This cutting 
energy was found to be directly related to the hardness of the material being cut, HB, 
and therefore considered as the cutting hardness value.  
 
A dimensional analysis is used to represent thrust force and torque, taking into 
consideration the mechanics of the twist drill. It is also considered in this work that 
changes to the flutes would not influence the results because the flutes are used for chip 
evacuation only, and unless there are jammed chips on the flutes, their action can be 
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where, 
 
F  Thrust force (N) 
T Torque (Nm-1)  
a, Ki (i=1,5) Constants to be determined experimentally  
d Drill diameter (mm) 
f Feed (mm/rev) 
c Length of chisel edge (mm) 
HB Hardness of the material 
Ū Specific cutting energy 
 
For a given drill bit, c/d is constant, and therefore it is possible to simplify the equations 


























































    (1.4) 
 
where the parameters K9-11 are determined experimentally. It is therefore concluded that 
for a given drill bit and workpiece material, the thrust force and torque depend on the 
feed (mm/rev) and the diameter of the drill bit.  
 
1.4 Automated Drilling of Carbon Composites 
The manufacturing operation of drilling composites is commonly carried out manually. 
When it is not possible to use a CNC machine for drilling (because of the size of the 
workpiece or location of the holes), the best choice of performance versus cost is 
usually a manual operator. To develop an automated system with the flexibility of an 
operator while maintaining performance and precision, the following requirements have 
to be built into the system, as they will not be provided by an operator: 
 
1.4.1 Positioning of End Effector 
The manipulator or robot must resist the reaction forces originating from the drill 
against the workpiece. Previous research in this area has addressed the problem of 
deformation of the robot in the presence of reaction forces [37-40]. The success and 
flexibility of the developed systems is unclear and does not account for problems such 
as deformation of the workpiece [2] and the drill bit.   
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The drill must be perpendicular to the work-piece during the drilling process. Systems 
previously developed for robotic drilling usually “clamp” the drill to the right position 
and angle before the start of drilling [41]. By doing this, the flexibility of the system is 
reduced. Force controllers have been developed which maintain the drill perpendicular 
to the workpiece by changing the position of the end effector through drilling[37, 39, 
40]. This solution maintains the flexibility of the system but the effect such techniques 
will have on the quality of the holes and tool life has not been established. More 
recently other techniques have emerged to solve this problem. An example is a 
configurable tooling system using a metrology system and tooling [42]. In this work, the 
equipment holding the workpiece is positioned and calibrated by a robot to an accuracy 
of 50µm. The workpiece is firmly clamped while machining but the clamping system 
maintains the flexibility desired. 
 
The research reported in this thesis does not include end effector positioning; however, 
the force and torque modelling results will assist in the design of such end effectors.   
 
1.4.2 Tool Conditioning Monitoring  
The control system must be able to detect problems in the process such as tool wear and 
tool breakage. Several sensors and signals have been used attempting to monitor the 
drilling process, such as spindle motor power [41, 43], vibration[44-46], acoustic 
vibrations [47-49], and thrust forces [50]. These studies usually consist of finding a 
signature signal and the problems are detected when the signal varies from the 
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signature. The success of such technique relies on the need to maintain all drilling 
parameters constant so that the signature can be used. The same principle is found on 
more modern approaches such as neural networks [51] and artificial intelligence [52].  
Tool condition monitoring is an extensively researched area and publications can be 
found which summarise the work done to date on this area [53, 54].    
 
Tool Wear 
Detecting tool wear is particularly important for the drilling of carbon composites due to 
the excessive tool wear rate usually encountered allied to the quality problems caused 
by worn drill bits. The abrasive nature of the chips, the temperatures generated, and the 
low heat conductivity of the material make the wear of the drill bit an essential factor to 
take into consideration.  Tool wear also affects the forces generated while drilling, 
which in turn can cause defects such as delamination and unacceptable hole size 
variations.  Many authors have reported hole quality problems related to the wear of the 
drill bit [22, 55-57].  
 
For an automated drilling system, determining when to change the drill bit is important, 
but it is also important to understand how tool wear is affecting the process and the 
quality of the holes produced. The study of tool wear is essential for an automated 
system for drilling carbon composites. Tool wear cannot be avoided altogether, but if 
better understood, its consequences on the process can be minimized.  
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Wear of the drill bit is usually measured with a microscope but can also be accurately 
determined by components of the force generated [35, 58, 59].  
 
The extent and location of wear in the tool depends on the material of the tool and 
workpiece as well as the settings used. The wear mechanism for composites is usually 
abrasive wear [60] (due to the cutting action of hard particles) and both wear of the nose 
[58, 59] and flank [35, 61] have been reported in the literature.  
 
In relation to the drilling settings, it is generally accepted that tool wear increases 
substantially with increasing temperature and cutting speed [60-65]. The same 
conclusion was found by Taylor as early as 1907 which proposes a relation between tool 
life and wear [17].  
 
It is believed that the wear of the drill causes a loss of clearance and an increase in 
frictional resistance. The wear rate will rise abruptly when the temperature reaches the 
thermal softening point of the work material [17].   
  
Tool wear and tool age are directly related but are not necessarily the same thing. Tool 
wear represents the change of geometry of the drill bit as it ages. Tool life, on the other 
hand corresponds to how many holes can be drilled before the drill bit can no longer 
make holes of acceptable quality. In a manufacturing context, this is a very important 
distinction, as tool age is the relevant factor. Minimizing the effect of tool wear will 
increase the life of the tool which is obviously desirable, but tool life can be expanded 
further if more holes can be produced with an aged or worn drill bit. There are, 
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therefore, two distinct goals: take measures that minimise the appearance of tool wear 
and measures which minimise the effect tool wear has on the quality of the holes 
produced. Wear may not be the dominating criterion for determining tool life; instead, 
the hole quality parameters such as surface finish of loose fibres may become the 
governing factor [66].  
 
1.4.3 Hole Quality  
 
The quality of the holes produced is an extremely important indicator of a successful 
drilling operation. Researchers have addressed the importance of hole quality on the 
strength and fatigue life of carbon composites [5, 6]. Factors such as tool life can also be 
determined by the number of holes of acceptable quality the drill bit can make. For the 
aerospace industry where the hole tolerances are very tight, an understanding of hole 
quality parameters is essential. Hence, for an automated solution it is mandatory to use 
hole quality as a governing factor.  
 
Acceptable hole quality consists of a collection of indicators whose priorities will 
depend on the application. Diametric tolerance is the most common factor taken into 
consideration. This consists of a permissible variation in dimensions such as the height, 
width, depth, diameter and angle of the hole. But there are others too, such as surface 
roughness of the edges and the appearance of burrs. In industry, it is common practice 
to use visual inspection and pin gages to verify if a hole is within diametric tolerance. 
Two pin gages are used, GO and NOT GO. The pin GO has the minimum size allowed 
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for the application while the NOT GO is over that size. This procedure is defined in 
standards for limits and fits (eg Australian Standard AS 1654.1-1995 and 1654.2-1995). 
The tolerance of the hole is dictated by the fit needed for an application.  
 
The following defects are directly related to the characteristics of the composite: 
Delamination 
 Delamination is often regarded as the biggest and most frequent hole defect found in 
the drilling of carbon composites. Delamination usually occurs on the top and bottom 
layer of the sample. At the entrance, this phenomenon is called peel up and occurs as the 
drill bit enters the material and the upper most layer of laminate separates from the rest 
of the body. The delamination of the bottom layer of the sample occurs as the tip of the 
drill bit pushes the last layers of the laminate. Figure 1.4.1 shows a schematic of this 
phenomenon. 
  
(a)    (b) 
Figure 1.4.1 Schematics of delamination caused by drilling; a) top Layer b) bottom layer 
 
The causes for delamination are well known, as there are numerous studies and 
publications dedicated to it [13-15, 18, 36, 55-57, 63, 65, 67-83]. Height feed rate and 
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high thrust force are the main causes of delamination. Delamination of the last plies 
occurs when the last layers cannot withstand the thrust force generated by the web of 
the drill bit. Delamination not only reduces the structural integrity of the material, but 
also induces poor assembly and increased fatigue [79].  For an automated drilling 
solution, avoiding delamination and or detecting when it occurs is therefore essential.  
Much work has been done on this. Delamination is usually avoided by limiting the feed 
rate which in turn reduces the thrust force and minimises the chances of delamination 
occurring. Hocheng and Dharan, in 1990, have developed a delamination model which 
allows the estimation of which force a laminate can withstand before delamination [71, 
73]. It uses a linear-elastic fracture mechanics approach and is a very popular model, as 
many other researchers have used it to estimate the critical force and control the actual 
force maintaining it under the calculated critical value, hence avoiding delamination 
[36, 67, 70, 84].   
 
Other delamination models have been proposed in the literature, such as using an 
adhesion model together with finite element method analysis [68], or analytical models 
[75, 77]. 
 
Appearance of delamination is also linked to tool wear. Several authors have reported 
that as the drill bit wears out, the appearance of delamination is more frequent and 
sometimes catastrophic [18, 36]. This is caused by the higher forces generated by a 
worn out drill bit. A way of counteracting this effect would be to take measures to 
reduce the thrust force, for example reducing the feed rate. Hence, to avoid 
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delamination in the drilling of carbon composites, measures which minimize thrust are 
necessary. 
Thermal induced defects 
Thermally induced defects have also been reported in the literature[14, 18, 82]. Holes 
can present a damaged area around the edges where the stability of the matrix is 
compromised [79]. Composites are prone to melting and scorching of the surface 
around the hole. This is due to the high temperatures generated due to the low heat 
conductivity of the composite. It has been reported that the tool absorbs 50% of the heat 
generated, while the chips and workpiece absorb 25% each [14]. For the drilling of 
metals, the workpiece only takes 7% of the heat generated. This problem is combined 
with the low thermal tolerance of the matrix in composites.  
 
The high temperatures generated will also affect the chip produced. The chips are 
usually a dry dust, or sand. With the high temperatures generated it becomes sticky and 
can stick to the tool and clog the evacuation system [57].  
 
Thermal deformations along the walls of the hole have been reported [85], where the 




Studies have been made where drilling was performed at cryogenic temperatures (using 
liquid nitrogen) and shown that although the forces increase, the holes produced showed 
better diametric tolerance, surface finish and tool life[66]. 
 
From the literature found on this matter, it can be concluded that measures which will 
keep the temperatures low are very desirable. The use of coolant is extensively used in 
drilling of metals, but for carbon composites most coolants are not acceptable because 
moisture is easily absorbed and affects the performance of the part [3]. For that reason it 
is common to limit the maximum drilling speed to that which produces an acceptable 
temperature.   
Fibre pull outs 
The appearance of a rough cut and loose fibres on the edges of the holes is common in 
the drilling of composites. In the aircraft industry, after drilling the holes, and before 
fastening, the holes need to be de-burred and all the loose fibres removed. The 
appearance of these loose fibres is linked to the age of the drill bit and to the thrust force 
generated [64]. Despite the time consuming task of cleaning the holes after drilling, not 
many studies have been carried out dedicated to this matter.  
  
1.4.4 Optimization and Control of the Drilling Process 
 
Finally, in an automated system, the drilling process itself needs to be controlled and 
ideally optimized. Existing practices typically decide on the feeds and speeds used 
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taking into consideration the drill bit used and the thickness and material of the 
workpiece. For the drilling of metal, it is common to use the spindle speed advised by 
the tool designer, while the feed is found in tables according to the workpiece material 
and diameter of the hole [86]. These tables are obtained by machinability tests, where 
thousands of holes are drilled and the best set of parameters found by trial and error. 
The task of updating these tables is therefore a very time consuming process, but the use 
of the generated tables is a practical and quick procedure. With the constant 
development of new composite materials, performing machinability tests for each type 
of composite and drill bit would be a very time consuming and expensive task.  
 
Many researchers have considered this problem in a more analytical way in order to 
optimize the drilling process [3, 19, 43, 51, 55, 60, 63-67, 69-71, 74, 83, 87-95]. To find 
the ideal drilling parameters, researchers usually relate the drilling settings to the quality 
of the holes, the drilling force and torque and the tool wear rate. Factors such as surface 
roughness and delamination are the most common hole quality parameters analysed. It 
is generally accepted that better hole quality is obtained for lower feeds and speeds. 
Higher feeds generate higher forces, and consequently delamination, while higher 
spindle speeds affect the surface finish of the hole.   The ideal drilling parameters are 
usually a compromise between the need to minimise drilling time, forces and tool wear 
while maintaining quality. The actual ideal parameters found vary substantially 
accordingly to the drill bit used, the composite, thickness and diameter of the hole.  
 
Most of the optimization work described uses twist drills and drilling with constant 
settings. Although the drilling process will have different characteristics as the drill bit 
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enters and cuts the hole, this is ignored by most researchers optimising the drilling 
process. The feed and speed are optimized from an overall perspective, not taking into 
account the time varying characteristics of the drilling process.  
 
Some work has also been done using force control [32, 37, 67, 69]. These researchers 
do not use constant feed rate, but vary the feed in order to control the thrust force 
generated. This is a very useful approach for drilling carbon composites because it can 
be used to avoid excessive forces which would cause delamination and undesirable 
deflections and loss of accuracy. The disadvantage of these controllers lies in the need 
to use a force sensor which in many manufacturing environments would be difficult to 
implement and could also contribute to deflection on the system and consequent loss in 
accuracy. For the cases where open loop force control is used, which does not 
necessarily need the use of a force sensor, the drilling models developed do not account 
for tool wear even though in a manufacturing environment tool wear will be 
unavoidable.    
 
Optimisation of the drill bit shape has also been studied [81, 91]. The relation between 
the hole quality and the type of drill [72, 80, 85], cutting edges, [76, 77, 96], chisel edge 
[20, 76, 78] and even the symmetry between the cutting edges[97] have all been 
examined. The chisel edge is directly related to the thrust forces; hence the bigger the 
web the higher the forces and delamination. The angle between the cutting edges and 
the fibres also relate to delamination and to fibre pull-outs.  
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1.5 Discussion and Summary of Literature Review 
With the growing number of applications for carbon composites, the development of 
machining ‘know how’ for this material is essential. In today’s competitive market, 
industries such as aircraft manufacturing have the need for fast, lean, flexible and 
adaptable manufacturing processes in order to survive. Drilling of holes in carbon 
composites is a most time consuming task and so any time savings in this operation are 
very desirable. 
  
Much research work has been done on several aspects of the lean automation of the 
drilling operation, including: 
 
• Positioning of the end effector, control of reaction forces and angle of attack 
during drilling, 
• Optimisation of the drill bit for carbon composites, 
• Tool condition monitoring, including the study of tool wear, 
•  Optimization of the drilling process taking into consideration tool wear rate and 
hole quality for various composite structures, 
 
From the literature review carried out it is possible to conclude that due to the high 
number of variables affecting the drilling process, optimisation is usually dependent on 
the particular conditions used for testing, and therefore for each new material and or 
application new studies are necessary. 
 
 30
Tool wear is a recognized problem or a limitation in the drilling of carbon composites 
for three main reasons: the cost of the drill bits, the time delay due to changing drill bits 
and the adverse effect of tool wear on the quality of the holes. Tool wear has been 
extensively studied in the literature. The causes and effects of tool wear on the drilling 
of carbon composites are all very well known. Regardless of all these studies, there are 
a few aspects that still need to be addressed: 
 
Due to the very high rates of tool wear most drilling models ignore it and are developed 
for new drill bits only. This simplifies the task of modelling, but in practice is not 
applicable, as most holes are not drilled by new drill bits. A drilling model which 
accounts for tool wear is therefore necessary. 
 
Similarly most optimisation of the parameter settings for the drilling process does not 
take into consideration the unavoidable wearing out of the tool. Most work described 
above finds the ideal settings which as a whole will minimise tool wear, but do not 
adjust the drilling parameters to compensate for the tool wear. Some other researchers 
control the feed to monitor the high forces created by tool wear, but often ignore other 
hole quality issues affected by tool wear. 
   
Another aspect not taken into consideration in the literature is to optimise the drilling 
process using variable settings throughout the drilling of a hole. Using constant settings 
is a simple and practical approach but does not use the capabilities of an automated 
approach to its full potential. It is expected that much improvement could be made to 
the drilling times if the drilling settings were to vary through the drilling process. 
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One last consideration is the drill bit used for drilling carbon composites. Although it is 
well recognised that the shape of the twist drill is not ideal for drilling composites, most 
work developed uses this drill bit. There is work showing the advantages of other 
shaped drill bits but most optimisation work still used the common twist drill. PCD 
(polycrystalline diamond) is usually the best material for drilling composites, but its 
price is prohibitive in many applications. The ‘one shot’ tungsten carbide drill bit is 
commonly used in the aircraft industry. This has a very effective shape for drilling 
composites and also saves time by finishing the hole to its final size as it drills and 
reams in one operation. No published optimisation work is available using this drill bit.   
 
1.6 Problem Formulation 
 
The aim of this research work is to develop an intelligent automated drilling system 
capable of drilling carbon fibre composites with a one shot drill bit producing high 
quality holes while maximising productivity. The novelty of this system will be to take 
into consideration the age of the drill bit and to drill with variable settings.  
 
There will be two main outcomes of this research:  
1. Analyses, evaluation and modelling of the drilling of carbon composites using a 
one shot drill bit; 
2. Development and implementation of an intelligent automated drilling system for 
drilling carbon composites using a “one shot” drill bit.     
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It is expected that the system developed in this thesis would be practical to implement in 
a manufacturing environment and will potentially save time in the drilling operation.  
1.7 Outline of the Thesis 
 
In this chapter, the goals and scope of this thesis have been described and a literature 
review of the work relevant to the area has been presented. The remainder of the thesis 
is structured as follows: 
 
The experimental setup used for this thesis is described in Chapter 2. A dedicated 
instrumented test rig has been designed and built for drilling carbon composites. This 
test rig consists of two motors and one 6-axis force sensor and considerable signal 
conditioning and data acquisition equipment. Details of the carbon composite and drill 
bits used for the experiments are also described in Chapter 2. 
 
The forces and torques produced while drilling are investigated in Chapter 3. A five 
stage model is used to describe the drilling and reaming process. The relation between 
maximum thrust force, torque and several process variables is developed in Chapter 3. 
The results obtained are used in the subsequent chapters. 
 
Chapter 4 is dedicated to the mathematical modelling of thrust force and torque. Firstly, 
Shaw’s and Oxford’s simplified equations are used to estimate the maximum thrust 
force and torque for holes drilled by a new drill bit. Secondly, a tool age factor is used 
to compensate for the age of the drill bit. Finally, the thrust force is also estimated as a 
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function of time by estimating the thrust force for each of the stages as described in 
Chapter 3.  The estimation model developed in this Chapter is used for the automated 
drilling developed in Chapter 6.  
 
The quality of the holes drilled is investigated in Chapter 5. Several quality parameters 
are measured and related to the drilling parameters used. The holes were analysed by 
visual inspection, microscope, pin gages and a coordinate measurement machine. 
 
The outcomes of Chapter 5 are used in the decision making algorithm developed in 
Chapter 6 to develop an intelligent, automated drilling system. In this system, the 
spindle speed and feed are not constant through the drilling process. A decision making 
algorithm is developed to find the drilling parameters for each stage for a given 
situation. This algorithm uses information such as the age of the drill bit and the 
maximum thrust force allowed in order to calculate the spindle speed and feed to be 
used. The objective of this intelligent drilling system is to minimise drilling time and 
maximise hole quality while satisfying the system constraints of feeds, spindle speeds 
and forces.  
  
In Chapter 7, the conclusions of the work developed in this thesis are given and 
discussed. The advantages and possible applications of such a system are pointed out as 
well as the limitations of the current work. Suggestions for further studies in this area 
are given in the second part of Chapter 7. 
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Chapter 2 Experimental Setup  
 
An automated instrumented test rig has been designed, built and commissioned for the 
experiments undertaken in this thesis. In this chapter a description of this test bed as 
well as of the drill bits and carbon composite samples used is given. 
 
2.1 Drilling Rig 
Figure 2.1.1 shows the schematic of the drill rig. The feed rate is achieved by means of 
a motor coupled to a gear box (ratio10:1) and a ball screw linear table (5mm screw 
pitch). The force sensor and workpiece holder are attached to the sliding table and fed to 
the drill bit (which is stationary). The spindle speed is generated by a stationary motor.  
 
 
Figure 2.1.1Test rig schematic 
 
Spindle motor (stationary) 
Feed rate motor 
Gear box 







The following figure (Figure 2.1.2) shows photos of the completed test rig 
 
      
 
Figure 2.1.2 Photo of test bed 
 
The test rig was fully controlled by a Pentium III computer running Windows 2000. A 
manually held air vacuum is used to vacuum the chips after drilling.  
 
A photo of the full setup can be seen in Figure 2.1.3 and details of all the equipment are 




Figure 2.1.3 Test Rig Set up 
2.1.1 Motors 
 
Two motors were used on this set up. A Baldor DC motor was used to move the 
workpiece. The motor was coupled to a gear box and linear table which fed the 
workpiece to the drill bit.  
 
The drilling speed was generated by a Baldor AC motor coupled to a shaft (which 
increased the stiffness of the system) and to the chuck holding the drill bit.  
 
Both motors were controlled by Baldor servo drivers set in velocity control mode. The 
speed of the motors was set by adjusting the voltage reference. The encoders of the 
motors were also conditioned and recorded by the data acquisition system in order to 
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measure the actual speed and or position of the system. Details of the motors’ ratings 
can be found in Appendix A. 
2.1.2 6 axis Force Sensor 
 
A single element multi-component dynamometer was used to measure the forces and 
torques around the 3 axes x, y and z of the drilling rig. This sensor is from AMTI 
(Advanced mechanical technology, INC) and is calibrated in the factory. The ratings of 
this sensor and calibration data can be found in Appendix B.  
 
The sensor was positioned under the workpiece and aligned with the drill bit, as shown 
in Figure 2.1.4. The output of this sensor is analogue and is coupled to the signal 
conditioning unit which amplifies and filters the signals (at 1KHz). 
 
Figure 2.1.4 Force and torque sensor 
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An AMTI 6 channel strain gage amplifier was used to amplify and condition the signals 
produced by the force sensor. Gain and filtering is set individually for each channel and 
the output can be analogue or digital. The ratings of this amplifier and calibration data 
can be found in Appendix B. In the current application, the analogue output was used 
and coupled to the data acquisition board described in the next section.  
2.1.3 Data Acquisition and Control of the Test Rig 
 
Two E series multifunction National Instruments data acquisition boards were used in 
this test bed: 
• PCI-6030E is a real time board with its own microprocessor. This board was 
used to control the drilling process. It measured the encoders from the motors 
and set the reference voltage. It was also used to measure the thrust force (force 
in the Z axis) and determine the point of contact. This board has real time 
capabilities, but the memory in the board is limited and therefore communication 
with the computer, although possible, does not allow for large amounts of data 
to transfer in real time. For this reason this board was not used to save the data 
from the force sensor.   
• PCI-6023E uses the computer processor and was used to acquire the data from 
the force sensors.    
 
Figure 2.1.5 shows a schematic of how the test rig was connected to the data acquisition 
boards and computer. 
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Figure 2.1.5 Drilling rig connections scheme  
 
 
LabView® was the language used to control the test bed. Two separate programs were 
used running in two platforms and communicating with each other. The user interface 
and data acquisition were running on the computer processor while the controller was 
running on the real time board. The user could choose all the drilling parameters on the 
user interface panel which would be passed to the controller program automatically. 
This was a convenient and user friendly setup. Drilling time was controlled by 
controlling the displacement of the workpiece from the moment of contact.  The drilling 
parameters chosen by the user were: displacement, spindle speed and feed rate. The user 
could also define data acquisition frequency and variables to be measured, i.e. forces, 
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2.1.4 Calibration Procedures 
 
 
To calibrate and commission the test bed a series of test procedures was undertaken as 
described below.  
 
The force sensor signal conditioning unit has a zeroing button which was pressed before 
drilling every time. This procedure ensured that all forces and torques were zero before 
drilling started.  
 
To calibrate the spindle speed, a tachometer was used to measure the speed output of the 
spindle motor for a range of input voltages and the software used to adjust the 
calibration. The encoder signals generated by the motor were also recorded and 
compared to the set speed and tachometer readings. The speed generated was found to 
be within 98.75% of the set speed.  
 
To calibrate the feed rate and positioning, both the time and position of the workpiece 
were observed. A program was used which moved the workpiece 10mm at constant 
speed. The displacement was measured and compared to the input value and to the 
encoder signals generated. A stop watch was used to measure the time it took to run the 
program and that value was compared to the expected time for the given feed rate. The 
feed rate was within 95% of the set value, while the positioning accuracy was found to 
be 0.5mm.  
 
 41
Finally, the encoder’s data from both motors was recorded while drilling and compared 
to the set speed and feed rate. The feed rate and spindle speed were found to be constant 
before, during and after drilling, which means that both motors can develop the 
necessary torque without losing performance.  
2.2 Drill bits 
The ‘one shot’ drill bit was used in this research. Three different diameters were used, 
3.1mm, 4.8mm and 7.9 mm respectively, although most work has been carried out with 
the 4.8mm drill bit which is a very common diameter used in the manufacturing of 
aircraft ailerons and other components.  Figure 2.2.1  shows a photo of these drill bits. 
 
 
Figure 2.2.1 Photo of drill bits used 
 
The geometry of the ‘one shot’ drill bit has been previously shown in Chapter 1. The 
dimensions of the drill bits used were measured using an optical project. Figure 2.2.2 is 





A Chisel edge 
AD Cutting lips 
D to end Reaming fultes
 
 
Figure 2.2.2 ‘One shot” Drill bit schematic  
 
The measured dimensions can be seen in table 2.1. 
 
Table 2.1 ‘One shot’ Drill Bit Dimensions 
Diameter AB AC AD 
3.1mm 0.6mm 1.9mm 6.2mm 
4.8mm 1.1mm 2.1mm 8.2mm 
7.9mm 1.4mm 3.1mm 15.1mm 
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2.3 Carbon Composite Samples 
 
Two samples of laminated carbon composites have been used in this study, 2.2 and 
5.2mm thick. They consisted of 90° angle carbon fibre reinforcement with resin epoxy 
bond, each ply 0.2mm thick. The per ply area weight is 193 grams per square meter. 
The resin formulation, fabric type and style can be found in Appendix C for product 
designation F593-18 (manufactured by Hexcel), 3K-70-PW and Carbon T300. This data 
sheet also gives information on the cure cycle and material properties. 
 
These samples are representative of a common layout used in the skins of aircraft 
components. The sheets manufactured were 1x0.5m and had to be cut to 7x5cm in order 
to fit the experimental setup.  
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Chapter 3 Modelling Thrust Force and Torque  
3.1 Introduction 
The thrust force and torque produced during drilling contain important information 
related to the quality of the hole and the wear of the drill bit [1]. The forces produced 
during drilling of metal and composites using a twist drill have been extensively 
described in the literature, as discussed in Chapter 1. The ‘one shot’ drill bit used in this 
study has been designed to drill carbon fibre. In this chapter, the force and torque 
produced during drilling of carbon fibre using a “one shot” drill bit is analysed. The 
understanding of these forces plays a very important role in the optimisation of the 
drilling process.  
The experiments undertaken during the course of this study are described in Section 3.1. 
In Section 3.2, the typical thrust force and torque are shown and a 5 stage model is used 
to describe the drilling and reaming process. The effect the drilling parameters have on 
the thrust force is derived in Section 3.4. The relation between tool age and the forces 
generated is looked at in Section 3.5. Lateral forces and frequency content are 
investigated in Section 3.6 and 3.7. Finally, conclusions are drawn in Section 3.8  
 
3.2 Description of Experiments 
The experimental data used in this chapter was collected from around 300 holes drilled 
using a range of settings and workpiece layouts. The spindle speed (rpm) and feed rate 
(mm/s) were varied but kept constant at each run (each hole was drilled at constant 
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spindle speed and feed rate). Table 3.1 shows the drilling parameters used where can be 
seen that the feed (mm/rev) ranged from 0.02mm/rev to 0.12mm/rev.  
Table 3.1 Drilling Parameters 
Feed [mm/rev] Feed rate [mm/s] Spindle speed [rpm] 
0.06 0.75 750 
0.08 1 750 
0.12 1.5 750 
0.045 0.75 1000 
0.06 1 1000 
0.09 1.5 1000 
0.03 0.75 1500 
0.04 1 1500 
0.06 1.5 1500 
0.06 0.75 750 
 
 
This range of feeds is fairly conservative to avoid chatter problems that might arise for 
high spindle speeds. Three different diameter one shot drill bits were used to find the 
influence of diameter on the drilling forces. The diameters were 3.1mm, 4.8mm and 
7.9mm. 
Three different layouts were used in these experiments: 2mm sample, 5.2mm sample 
and a sample composed of two carbon fibre layers each 2mm thick. This variety of 
samples was chosen in order to represent common layouts found in industry. The double 
layer sample represents many practical applications where two parts are drilled together 
to be fastened afterwards.  
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Each combination of feed and workpiece was repeated many times. The same sequence 
of experiments was repeated over time using the same 4.9mm drill bit in order to study 
the effect of tool age on the drilling forces.  
 
3.3 Typical Thrust Force and Torque  
The typical thrust forces and spindle torques produced during drilling of carbon fibre 
using the ‘one shot’ drill bit (Figure 1.3.3 and Figure 2.2.2) can be seen in Figure 3.3.1. 
The z axis is defined as the axis along which the holes are drilled. The shape of these 
forces relates to the shape of the drill bit and the thickness of the workpiece. Different 
feed rates do not alter the shape but they do alter the magnitude of thrust force and 




Figure 3.3.1 Typical thrust Force and torque 
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Figure 3.3.2 Drilling Stages 
 
The drill bit approaches the workpiece along the z-axis. In Stage I, the chisel edge 
makes contact with the workpiece and “punches” its way into the sample. During this 
stage, the thrust force increases very rapidly mostly because of the “extrusion” action of 
the chisel edge. The torque also increases but at a much slower rate than the thrust force. 
The slow increase of the torque relates to the small diameter of the drill bit at the tip. At 
this stage, the drill bit is not yet drilling. A sharp decrease in the thrust force in the first 
moments of contact has been reported in the literature [1]. That is because of the peel up 
of the top layer of the laminate. Other possible problems that might arise during stage I 
are skidding, wandering or deflecting of the drill bit, all of which affect the size of the 
hole.   
distance 
Fz 





   
The drilling process starts at Stage II as the cutting lips engage the workpiece. During 
this stage, the thrust force increases steadily but at a slower rate as the cutting lips work 
their way in. The torque increases steadily throughout this stage. In Figure 3.3.1 a 
sudden drop of thrust force could be seen on the 2mm double layer sample. This is 
related to the passage from one layer of material to the other. Although the layers are 
attached together, the bottom surface of the top layer is fairly rough creating an air gap 
between layers. Due to the air gap, the thrust force created by the extrusion action of the 
chisel edge momentarily disappears, but its value picks up quickly as the drill bit 
encounters the second layer. It is expected that the thrust force will drop more or less 
depending on the size of the air gap. The passage from one layer to the other does not 
affect the torque and does not affect the drilling process substantially. For simplicity of 
the model being developed this drop in thrust force will be ignored. Delamination and 
tool wear are commonly associated with stage II due to the high values of thrust force 
and torque. The risk of delamination is especially high at the end of this stage as the last 
plies of material are pushed by the chisel edge.  
 
Stage III starts when the chisel edge reaches the bottom surface of the workpiece. The 
thrust force suddenly drops when the chisel edge comes out of the workpiece. As the 
drill bit makes its way through the hole, the cutting lips come out of the hole and the 
reaming flutes enter the workpiece. Hence, the drilling is replaced by the reaming 
action. The thrust force decreases until the cutting lips are out of the hole. The torque 
increases very slightly during this stage. The maximum torque is attributed [1] to high 
frictional forces between the lands of the drill and the wall of the hole. Theoretically, 
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the torque should reach its peak value when the cutting lips are fully engaged because 
the diameter is at its highest value and the area of the drill in contact with the surface of 
the hole is higher too (higher torque due to friction). With high temperatures, the 
friction would also increase because of the thermal expansion of the composite which 
would squeeze the drill. In the present situation, the chisel edge extrudes from the 
workpiece before complete penetration making the prediction of when the maximum 
torque should occur harder to accomplish. During the experiments, it was observed that 
the peak torque occurred at any time during stage III, including at the very beginning. 
To simplify the model, the torque in this stage is represented by a straight line. This is a 
fair approximation taking into consideration that in most cases, the torque varies only 
very slightly. This stage combines both drilling and reaming, and therefore problems 
associated with both cutting processes can happen. Delamination is possible as the last 
plies are drilled to the final size although the risk is smaller than the previous stage since 
the thrust force is lower. Surface finish problems can arise in this stage as the transition 
in the cutting surfaces might cause some vibration or even chatter.  
 
Stage IV relates to the reaming process. The drilling has finished and the drill bit is 
reaming the hole to its final size. Problems occurring in this section are related to the 
final size and finish of the hole (reaming is more prone to vibrations and chattering than 
drilling because of the reduced stiffness).  
 
The drill bit backs out of the workpiece in Stage V. Reaming continues while there is 
contact between the workpiece and the drill bit, altering the size and finish of the hole. 
During this stage both thrust force and torque maintain the same values of the previous 
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stage. In practice, the only difference between stage III and stage IV is the direction of 
movement, as the cutting action and possible problems arising are the same.  
 
3.4 Effect of Drilling Parameters on Thrust Force and 
Torque  
In the previous section, the thrust force and torque produced while drilling carbon 
composite is analysed in respect to displacement. This section focuses on the maximum 
thrust force and torque, and the effect that some drilling parameters have on those 
peaks.  
 
Figure 3.4.1 and Figure 3.4.2 show an example of the maximum thrust force and torque 
obtained drilling 5.2mm carbon composite using a 4.8mm diameter drill bit. It is clear 
from the figure that thrust force and torque are proportional to the feed used to drill.   
 
The most common measure of drilling settings is the feed [rev/mm] i.e. how much the 
drill bit is fed to the sample (or the sample is fed to the drill) at each revolution of the 
drill bit. This means that the feed can be maintained constant for a range of spindle 
speeds and feed rates used. For example, drilling at 0.75mm/s and 750rpm, 1mm/s and 
1000rpm or 1.5mm/s and 1500rpm all result in a 0.06mm/rev feed. 
 
From the experiments undertaken, it was seen that the maximum thrust force and torque 
do not remain constant if the spindle speed and feed rate vary, even when the resultant 
feed used is the same. This discrepancy can be seen in Figure 3.4.1 and Figure 3.4.2 
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where at 0.06mm/rev the thrust force increased by about 10N and the torque by 0.1Nm 
for lower spindle speeds. It can, therefore, be concluded that the thrust force and torque 
are directly proportional to the feed rate and inversely proportional to the spindle speed.  
 






















Figure 3.4.1 Plot of maximum thrust force against feed for various spindle speeds 
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Figure 3.4.2 Plot of maximum torque against feed for various spindle speeds 
 
The following figures show how the thickness of the workpiece affects the maximum 
thrust force and torque. From observing Figure 3.4.3 and Figure 3.4.4 it can be 
concluded that drilling thicker samples will produce higher thrust force and torque. This 
is mainly due to the higher values of friction inside of the hole and larger surfaces in 
contact while drilling. 
 
Comparing the thrust force produced by drilling 2.1mm and 5.2mm samples, it can be 
seen that the thrust force doubled (for the range of feeds tested). The torque produced 
drilling different thicknesses also changed, but differently for different feeds. For lower 
feeds, the torque had just a marginal increase when drilling thicker samples. For higher 
feeds, the torque produced drilling thicker samples is over double the torque needed to 
drill the thinner samples. A possible explanation for this is that at lower feeds, the chips 
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can be evacuated more efficiently from the hole and therefore the torque due to friction 
is less for thinner samples (accepting friction as a main reason for torque increase). It 
should also be noted that the torque values measured are quite small, and therefore more 
susceptible to noise.  
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Figure 3.4.4 Plot of maximum torque against feed for different sample thicknesses 
 
The diameter of the hole also plays an important role in the thrust force and torque. 
Figure 3.4.5 and Figure 3.4.6 show the results obtained drilling a 5.2mm sample with 
three different diameter drill bits. As expected, the thrust force and torque are higher for 












































Figure 3.4.6 Plot of maximum torque against feed for different drill bit diameters 
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3.5 Effect of Tool Age on Thrust Force and Torque 
 
High tool wear rates are a major concern in drilling carbon composites and the increase 
of thrust force due to wear has been widely reported in the literature. In this section, the 
effect of tool wear on thrust force and torque is studied. Initially, it is shown how tool 
wear affects thrust force and torque in the time domain. Secondly, only peak values of 
thrust and torque are analysed to show how tool wear affected the thrust force at 
different feeds. 
 
 Tool wear is directly related to drilling time, and consequently to the number of holes 
drilled with a given drill bit [4, 5]. The thrust force and torque produced by a drill bit at 
different stages of the drill bit life are compared. In order to allow comparison, holes 
drilled with the same settings and sample thickness were used. Figure 3.5.1, Figure 
3.5.2, and Figure 3.5.3 show typical examples of thrust force and torque produced at 
different stages of the drill bit life for each sample thickness tested.  
 58























Figure 3.5.1 Effect of tool age on drilling thrust force and torque for 2mm samples 
 
























Figure 3.5.2 Effect of tool age on drilling thrust force and torque for 2mm double samples 
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Figure 3.5.3 Effect of tool age on drilling thrust force and torque for 5.2mm samples 
 
From the experiments, it can be seen that thrust force increases with the number of holes 
drilled. Although the thrust force has increased throughout the course of the drilling 
process, the increase is more noticeable just before breaking through, which suggests 
that the primary cutting surfaces of the drill bit might be wearing out more that the rest 
of the body of the drill bit. This agrees with the work published by Lin [4] which reports 
that when drilling composites the drill wears first in the outer cutting edges.  Comparing 
Figure 3.5.1, Figure 3.5.2 and Figure 3.5.3, it can be seen that the effect of tool wear is 
more prominent when drilling thinner samples. A possible explanation for this is that for 
thicker samples the total thrust force produced is a sum of the thrust force from affected 
and non affected areas of the drill bit, and therefore the overall thrust force increase is 
not as pronounced as for thinner samples. 
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The torque produced did not show significant changes over the range of number of 
holes analysed. This was true for all the samples tested. The same findings have also 
been reported by others[6].  
 
The previous analysis looked at the thrust force increase in the time domain. Another 
way of analysing the data is to plot the maximum thrust force and torque against the 
















































Figure 3.5.5 Plot of maximum torque against feed for 2mm sample 
 
Figure 3.5.4 and Figure 3.5.5 show the maximum thrust force and torque, respectively, 
produced while drilling a 2mm sample at different feeds and at different stages of the 
drill bit life. From analysing Figure 3.5.4, it can be concluded that the maximum thrust 
force doubled during the number of holes studied. This increase is mainly constant for 
all feeds used. The maximum torque shown in Figure 3.5.5 generally increases with 
feed used (with a few exceptions for the first holes drilled at higher feed) but does not 

















































Figure 3.5.7 Plot of maximum torque against feed for 2mm double sample 
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In Figure 3.5.6 and Figure 3.5.7, the maximum thrust force and torque produced while 
drilling a 2mm double sample at different feeds and at different stages of the drill bit life 
can be seen. The maximum thrust force increases with feed and number of holes drilled 
(due to tool wear); however this increase is not consistent for all feeds used. For lower 
feeds, the maximum thrust force increases only slightly due to tool wear, while for the 
higher feeds, the thrust force doubled (as for the 2mm sample). The maximum torque 
shown in Figure 3.5.7 increased with feed (again a few exceptions for the higher feeds) 
but is not related to tool wear.  
 
For the case of drilling a 5.2mm sample, the results can be seen in Figure 3.5.8 and 
Figure 3.5.9. Again, the thrust force increases with the feed used and with number of 
holes drilled. The influence of tool wear on the thrust force is more accentuated for 
higher feeds but not as much as when drilling thinner samples. The maximum torque is 
















































Figure 3.5.9 Plot of maximum torque against feed for 5.2mm sample 
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From the experiments undertaken it can be concluded that the thrust force increases 
with number of holes drilled while torque is not particularly affected. It has also been 
shown that the effect of tool wear on maximum thrust force varies with the thickness of 
the workpiece and the feed used for drilling.  
 
3.6 Lateral Forces and Torques  
The forces produced during drilling are commonly associated with the thrust force and 
torque. The lateral forces, in theory, should be zero. Each cutting edge produces a force 
in the direction of the cutting direction, but being in pairs, the cutting edge on the 
opposite side will produce an equivalent force in the opposite direction with the 
resultant force zero. In practice, the cutting edges do not produce exactly the same force 
and a resultant lateral force can be generated. Researchers have used this lateral force as 
an indication of the angle of attack [2]. It is assumed that if there is a lateral force, it 
means the end effector is not perpendicular to the workpiece and needs to be adjusted to 
produce no forces on the lateral plane. Other published work[3] has shown a relation 
between the frequency content of such forces and the angle of attack. It is, therefore, of 
relevance to study these forces and torques. 
 
Figure 3.6.1 shows an example of the forces and torques produced while drilling in the 
X and Y axis. It can be seen that these forces indeed are not zero and that the torque 
around the axis X is a mirror of the force in Y, and the torque around axis Y is a mirror 
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of the force in X. This is expected as each torque is produced by the force on the other 
axis. 
 
Figure 3.6.1 Forces and torques produced while drilling 
 
In previous sections, it has been shown how the thrust force and torque vary with 
settings used and with age of the drill bit. Such relationships are not found for the lateral 
forces. Both in amplitude and direction, no typical shape of signal and could be found. 
The variation of these forces did not relate to the settings or tool age either. Holes 
drilled consecutively by the same drill bit and settings would often produce forces in the 
x and y directions different in amplitude and direction. Figure 3.6.2 shows such an 
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example. It can be seen that although the settings used are the same, the amplitude and 
direction of the lateral forces varied.    
 
Figure 3.6.2 Holes drilled consecutively by the same drill bit and settings 
 




Figure 3.6.3 Holes drilled by differently aged drill bits 
 
A possible explanation for this observed phenomenon is the non homogeneity of the 
sample being drilled. As the drill bit pushes through the workpiece, the fibres that are on 
the way are likely to “push” the tip of the drill bit to the side. The direction and 
amplitude of such forces would  therefore be related to the position of the tip of the drill 
in relation to the nodes of fibres it encounters. This would explain the fact that these 
lateral forces may vary in direction during drilling but tend to be constant or at least in 
just one direction during reaming. The position of the drill bit in relation to the fibres 
could not be measured in this research and so further study of this lateral forces is 
outside the scope of this thesis.  
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3.7 Frequency Content of Thrust Force and Torque 
The frequency content of the signal produced during drilling has been extensively used 
by several researchers as a way of obtaining information about the process, as presented 
in Chapter 1. The frequency content of the thrust force and torque produced during 
drilling is also looked at here in order to fully characterize the thrust force and torque 
produced during drilling. The data conditioning system used to acquire the signals is 
filtered at 1 KHz, and therefore the signals are analysed in the 0-500Hz range. Figure 
3.7.1 shows an example of the magnitude of the Fast Fourier Transform of the thrust 
and torque signals. Four peaks can clearly be seen within the range 0 to 250 Hz and the 
remaining frequency range does not contain any information other than noise. 
 
Figure 3.7.1 Frequency content of thrust force [N] and torque [Nm] 
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Looking at the range of 0 to 250 Hz in more detail (Figure 3.7.2), it can be seen that the 
frequency of the peaks are multiples of each other. It is clear that the first peak 
corresponds to the spindle frequency used to drill and the remaining peaks are the 
harmonics of this frequency. This phenomenon could be found in every hole drilled 
independently of the feed rate used of the age of the drill bit. The amplitudes of the 
peaks, however, did not relate to any of the variables in this study. No relation has been 
found between the amplitude of each peak with the settings used, the age of the drill bit 
or quality of the holes produced. 
 
Figure 3.7.2 Frequency Content of Thrust Force and Torque (detail) 
It is, therefore, concluded that for the frequency range in this study, no relevant 
information could be found from a frequency analysis.   
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3.8 Conclusions 
In this chapter, the thrust force and torque produced during drilling of carbon composite 
using a ‘one shot’ drill bit have been analysed.  
 
The large number of experiments conducted show that the drilling process with the one 
shot drill can be modelled as a 5 step process with each step directly related physically 
to the various drilling and reaming processes. This is shown to be the case irrespective 
of the feed rates for different thicknesses of material and also for a two layer stack. This 
model depends on the position of the drill bit in relation to the workpiece. It can also be 
concluded that the thrust force increases with number of holes drilled with a given drill 
bit, while torque is not particularly affected. It has been shown that the effect of tool 
wear on thrust force varies throughout the different stages, with the increase in thrust 
force being more noticeable just before breaking through.  The thickness of the 
workpiece also plays a role in the effect of tool wear on the thrust force; the thinner the 
workpiece, the bigger the increase of thrust force due to wear.  The feeds used to drill 
also affect the increase of thrust force due to tool wear: the higher is the feed, the bigger 
the effect the tool wear has on the thrust force produced by worn drill bits. Therefore the 
thrust force and torque are a function of feed, drill bit, thickness of the workpiece, and 
tool wear (defined as the number of holes previously drilled).  
  
The frequency content of the thrust force and torque has been studied and related to the 
spindle speed used, but this study showed that no useful information was available over 
the frequency range considered.   
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The lateral forces produced during drilling have been measured and it has been 
concluded that they vary independently of the settings used and age of the drill bit. It is 
suggested that they are most affected by the orientation and ratio of the workpiece and 
other factors not related to drilling parameters. 
 
The findings of this chapter enable the development of a mathematical model of the 
thrust force as described in Chapter 4. This model can then be used to extend and /or 
predict drill life and improve productivity and quality of hole drilling for industries such 
as aerospace, in which the drilling of composites is an important manufacturing process.  
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Chapter 4 Maximum Thrust Force and Torque 
Estimation 
 
4.1 Introduction  
To estimate the maximum thrust force and torque, an empirical model will be 
developed. Shaw’s simplified equations (see 1.3.2) have been successfully used by 
several authors to predict thrust force and torque for drilling carbon composites with 
new twist drills [6, 7]. For the current work, Shaw’s simplified equations will be 
adapted in order to accommodate for tool wear and used to predict thrust force and 
torque in the drilling of carbon composite with a ‘one shot’ drill bit. 
 
Initially, in section 4.2, the maximum thrust force and torque will be estimated using 
Shaw’s equations. The initial value of thrust force is at its maximum value, being 
directly related to the occurrence of delamination and problems such as deflection of the 
manipulator, occurrence of chatter, etc. In a second stage, section 4.3, the thrust force at 
other stages of the drilling process will be modelled. 
 
4.2 Using Shaw’s simplified equations  
 
Shaw’s equations have been introduced and described in Chapter 1, where the 





















    (4.1) 
 
Where f is the feed (mm/rev), d is the diameter (mm) and ‘a’ and ‘K’1-3  are obtained 
experimentally.  
 
The thrust force and torque estimated by Shaw’s equations are average values during 
full engagement of the drill bit, called the steady state region. In the present application 
the drill bit breaks through before full engagement and therefore the process does not 
reach the steady state described in Shaw’s model. 
 
The thrust force is at a maximum just before the drill bit breaks through, and assuming 
this happens just after the drill bit fully engages the workpiece (illustrated below in 
Figure 4.2.1 ), the thrust/torque calculated by Shaw would be a fair approximation of 













Typical thrust curve used 








This scenario implies that the full diameter of the drill bit is engaged. In other words, 
the values of thrust and torque obtained by Shaw’s model can relate to the maximum 
thrust force of the present process if the diameter used is the diameter of the of the part 
of the bit which is fully engaged. Hence, the diameter used for calculating here is not 
the diameter of the drill bit, but the diameter of the drill bit at the time of maximum 
thrust/torque. The diameter will be related to the thickness of the workpiece as shown in 
Figure 4.2.2.  
 
Figure 4.2.2 Drill bit diameter at ‘break-through’ 
As previously explained, Shaw’s equations can be greatly simplified if the relation c/d 
remains constant. The diameter being used varies for the same chisel edge, but the 
chisel edge of the drill bit being used is only 0.2mm and therefore the ratio c/d is so 
small that the variation can be ignored. Hence, Shaw’s simplified equation will be used 
to estimate thrust force.  
 
As explained and shown in the first sections of this chapter, the torque remains fairly 
constant throughout the cutting process; hence Shaw’s simplified equations will also be 
used to estimate the torque.   
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The first step will be to calculate the value of ‘a’ using the specific cutting energy based 
on the measured torque and the diameter related to the thickness of the sample as 
previously explained. The value of ‘a’ is dependent on the combination drill bit and 
material of the workpiece and is directly related to the torque produced during drilling.  
It has been previously shown that the torque produced during drilling is not significantly 
affected by tool wear and therefore it will be assumed that the drill bit /material 
relationship will not change due to tool wear (for the range of settings used); hence ‘a’ 
will be constant. By plotting log(fd) against log(u) a value for a of 0.603 is obtained as 
shown in Figure 4.2.3.  
















Figure 4.2.3 Plot of log(u) against log(fd) 
 
4.2.1 Estimating Torque at Break-Through 
Using ‘a’ above, Shaw’s simplified equation to estimate torque becomes,  
39..139.0 dkfT =      (4.2)  
Fitting experimental data to Equation 4.2 and averaging the resultant value of  k, 
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 39..139.013.0 dfT ×=    (4.3) 
The results obtained by using equation 4.3 to estimate the torque can be seen in Figure 
4.2.4. The estimated values agree fairly well with the measured values. A few 
discrepancies can be seen for some holes but taking into consideration that the torque is 



















Figure 4.2.4 Measured and estimated torque using Shaw’s equations 
 
4.2.2 Estimating Maximum Thrust Force 
The following equation (Shaw’s simplified equation) will be used to estimate the 




a += −      (4.4) 
The maximum thrust force is strongly affected by tool wear and therefore Shaw’s model 
has to be adapted in order to accommodate tool wear. Initially, only data from the first 
holes drilled by a drill bit was used in order to calculate K1=76.56 and K2 =1.04  (using 
the least squares method), giving: 
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239.0
),( 04.1)(56.76 dfdF df +=    (4.5) 
As seen in Figure 4.2.5, the estimated values agree with the measured values for the first 
holes drilled. It can also be seen that the estimated values have the same trend as the 
measured values for later holes, but the difference in amplitude increases with the 






















Figure 4.2.5 Measured and estimated thrust force using Shaw’s equations 
This shows that although Shaw’s model can be used to estimate thrust force on drilling 
of carbon composites using a new “one-shot” drill bit, the model needs to be adjusted 
for tool wear. For example, consider: 
)047.156.76( 239.0),,( dfdffToolAgeCoeF agedf +×=    (4.6) 
where the tool wear coefficient will be dependent on the number of holes drilled by the 
drill bit. It is also expected that tool wear will affect the thrust force differently for each 
of the different thicknesses of workpiece being tested, so that: 
21),( knkffToolAgeCoe thickn +×=   (4.7) 
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k1 and k2 were calculated using experimental data for each thickness of workpiece. The 
estimated thrust force calculated from Equation 4.5 was divided by the measured thrust 
force to give the tool wear coefficient for each sample. Plotting the tool wear coefficient 
against the respective hole number, and fitting a line of best fit, the parameters k1 and k2 
from Equation 4.7 can be found.  The following figures show the results obtained for a 
2mm sample, a 2mm double sample and a 5.4mm respectively. 
 



















Figure 4.2.6 Tool wear rate for 2mm sample 
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Figure 4.2.7 Tool Wear Rate for 2mm Double Layer Sample 
 




















Figure 4.2.8 Tool wear rate for 5.4mm sample 
 81



















   (4.8)  
 
The following Figure shows the estimated thrust force calculated using Equation 4.8 





















Figure 4.2.9 measured and estimated maximum thrust force 
 
As seen in Figure 4.2.9, the new model represents the drilling process very well. Some 
discrepancies between the estimated and measured values would be expected to result 
from noise on the measured values, and also from the approximation in the tool wear 
model. Although wear is dependent on spindle speed and drilling time (number of 
holes), on this model it was assumed that the rate of tool wear was constant for the 
range of drilling parameters used.  
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4.3 Estimation of Thrust Force In Relation to Time  
Figure 4.3.1 shows a representation of  the typical thrust force produced during drilling. 
The corners marked as ‘A’, ‘B’, ‘C’, ‘D’ and ‘E’, were used to represent the signal. 
















Figure 4.3.1 Typical thrust force represented by corners 
 
Using experimental data, the thrust force was measured for each corner shown in Figure 
4.3.1 and used to model the drilling process. If force is plotted as a function of 
displacement rather than time, the position of each corner is related to the thickness of 
the workpiece. For the drill bits used here, A always occurs at 1.1mm of displacement. 
The corner B represents the maximum thrust force, which occurs just before the break 
through point and therefore equals the thickness of the workpiece. Corner C follows 
corner B. Its position is 0.9mm after break through. D is the moment when the reaming 
section of the drill bit enters the material and therefore is constant for all thicknesses at 
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8.41mm (distance from the tip to the reaming section of the drill bit). Corner E 
represents the moment when the drill finishes cutting and the cutting lips leave the 
workpiece, and hence its position is dependent on the thickness of the sample being 
drilled. 
 
The thrust force at ‘B’ has been successfully estimated in the previous section. In this 
section the forces at ‘A’, ‘C’, ‘D’ and ‘E’ will be estimated. 
 
4.3.1 Estimation of Thrust force at Position ‘A’ 
 
From the experimental data it was possible to see that the thrust force at ‘A’ was related 
to the value of maximum thrust force. Figure 4.3.2  shows thrust force at A and at B. It 
can be seen that the thrust force at A follows the same trend as the maximum thrust 
force (or thrust force at B). It can also be noted that although the trend is the same, the 
difference increases with number of holes drilled, suggesting that tool wear might affect 



















Figure 4.3.2 Plot of thrust force at ‘A’ and ‘B’ 
 
The thrust force at ‘A’ is therefore estimated using Equation 4.8 but with a different tool 
wear coefficient. This means that tool wear impacts the thrust force differently at 
different points of the drilling process.  
 
In the previous Chapter it was shown that for the same feed and tool wear rate, the 
thrust force at ‘A’ (Stage I) is independent of the thickness of the workpiece. Hence, the 
tool wear coefficient suggested here will also be independent of the workpiece 
thickness. Following the same procedure as before, the thrust force at ‘A’ was estimated 
using Equation 4.5 where the diameter is the same for all thicknesses (3.26mm). The 
estimated force is then divided by the measured thrust force and the results plotted 
against the respective hole number.  Figure 4.3.3 shows the results obtained. 
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Figure 4.3.3 Tool age coefficient for thrust force at ’A’ 
 
Using the line of best fit, the following equation is derived, 
)047.1)(56.76()993.00032.0( 239.0 dfdnThrustA +×+=    (4.9) 
 
Where the diameter will be the same for all thicknesses in the study since the thrust 
force at this point is similar for all thicknesses. Using Equation 4.9 to estimate the thrust 
force at ‘A’ and plotting the results together with the measured values the success of the 
model can be evaluated. It can be seen in Figure 4.3.4 that the estimated thrust force 



















Figure 4.3.4 Estimated and measured thrust force at ‘A’ 
 
4.3.2 Estimation of Thrust force at position ‘C’ 
The thrust force at ‘C’ is also dependent on the maximum value of Fz  and the thickness 
of the sample. As shown in Figure 4.3.5, the Thrust force at ‘C’ follows the same trend 
as the force at B (or maximum thrust force) but is consistently smaller. This suggests 
that thrust force at C is a percentage of the thrust force at B and that tool wear affects 























Figure 4.3.5 Estimated and Measured Thrust Force at ‘A’ 
 
Dividing the thrust force at ‘C’ by the thrust force at ‘B’ and averaging the resulting 

















    (4.10) 
 
The following figure shows the results obtained when plotting the measured thrust force 




















Figure 4.3.6 Estimated and Measured Thrust Force at ‘C’ 
 
As seen in Figure 4.3.6 the estimated force at ‘C’ agrees fairly well with the measured 
thrust force. It is important to note that although the thrust force at ‘C’ could be 
estimated using the model for estimating the maximum thrust force at B (as previously 
done when estimating A), the results shown here used the measured values of  the thrust 
force at ‘B’. This avoids the errors in calculating thrust at B being amplified when 
estimating thrust at ‘C’.  
 
4.3.3 Estimation of Thrust force at position ‘D’ 
The thrust force decreases slightly from ‘C’ to ‘D’, as the cutting lips finish drilling the 
hole. Plotting the thrust force measured at both ‘C’ and ‘D’ (see Figure 4.3.7) the 



















Figure 4.3.7 Measured Thrust Force at ‘C’ and ‘D’ 
 
Calculating the ratio between both amplitudes and taking the average, it was concluded 
that the thrust force at ‘D’ is on average 10% less than the thrust force at ‘C’. Hence the 
model for the thrust force at ‘D’ is: 
90.0×= estimatedThrustCThrustD    (4.11) 
 
Figure 4.3.8 shows the results obtained using Equation 4.11 to estimate the thrust force 
at ‘D’. For most samples, the estimated value of thrust force agreed well with measured 



















Figure 4.3.8 Estimated and measured thrust force at ‘D’ 
 
4.3.4 Mathematical Representation of Thrust Force in Relation to 
Time 
Using the value of thrust force estimated for each point, or corner, it is possible to 
predict the thrust force throughout the drilling process (in the time domain). The 
position of each corner in the time domain will be dependent on the thickness of the 
workpiece and the feed rate (mm/s) used to drill. To model the thrust force in the time 
































   (4.12) 
Combining the time and amplitude of each corner it is possible to derive the thrust force 








































































































  (4.13) 
Where, 















fToolAgeCoe B    (4.15) 
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The results obtained using this model can be seen in the following figures where the 
estimated thrust force is plotted against the thrust force measured during the 
experiments.    
 
Figure 4.2.6, Figure 4.2.7, and Figure 4.2.8 show examples of holes drilled in 2mm, 
2mm double layer and 5.2 mm samples respectively. Although the estimate fits fairly 
well the measured thrust force, the thrust force at ‘C’ was over estimated in amplitude 
and it has a small lag. A possible explanation for this would be the delamination of the 
last plies of the sample which will cause the thrust force to drop before the drill bit 
reaches the end of the workpiece.  
 
Figure 4.3.9 Thrust force estimation for 2mm sample 
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Figure 4.3.10 Thrust force estimation for 2mm double layer sample 
 
Figure 4.3.11 Thrust force estimation for 5.2mm sample 
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The model developed and used for this simulation had a few simplifications and 
assumptions (previously explained) which might be the cause of some inaccuracies in 
the overall result. For example, the assumption that the ratio c/d in Shaw’s equations 
remains constant for all experiments (and thickness of sample). Also the equations use 
feed [mm/rev] to represent the drilling speed but it has been shown that the thrust force 
and torque will not always remain constant for different spindle speeds. 
 
The tool wear rate coefficient could also be improved. The model used to represent tool 
wear was linearly related to the number of holes drilled by the drill bit. However it is 
known that the tool will wear differently for different feeds used and it has been shown 
that the thrust force is affected by tool wear differently at different feeds.   
 
It is important to note that all these simplifications and assumptions were made taking 
into consideration the range of feeds and samples used. Although the drilling models 
developed here could be further improved, the results are very satisfactory for the range 
of settings in this research. 
 
4.4 Conclusion 
In this Chapter, the thrust force and torque produced during drilling of carbon fibre 
using a “one shot” drill bit have been estimated.  
 
It has been shown in this chapter that Shaw’s simplified equations can be used to 
estimate maximum thrust force and torque for drilling of carbon composites using a new 
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‘one shot’ drill bit. It has also been shown that Shaw’s equation for thrust force does not 
hold true for older drill bits and has to be corrected for the effect of tool wear. 
Furthermore, the tool wear correction is dependent on the thickness of the workpiece.  
 
The Thrust force in relation to time has been successfully estimated. The signal can be 
represented by 5 points (or ‘corners’) joined by straight lines. The position of each 
corner was found to be governed by the drill bit shape in relation to the material 
thickness. Hence, the drilling force was found to be position dependent. The amplitude 
of the thrust force was estimated in relation to the maximum thrust force referred to 
above. Applications for this model include: Finding the feed which will keep the thrust 
force under a pre-determined value; Estimating tool life for a certain application by 
relating the force produced to the quality of the holes produced; Enabling defects to be 
detected when actual forces exceed modelled limits. 
 
It is shown later that being able to estimate the thrust force will be very useful for 
optimising the drilling process at every stage of the drilling and reaming section. 
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Chapter 5 Analysing Quality of Holes 
5.1 Introduction 
The importance of hole quality in industries such as aerospace and others has been 
stressed and discussed in Chapter 1. One of the objectives of this thesis is to improve 
the quality of the holes drilled and minimize the number of defects. The quality 
parameters used in this study are fibre pull up, break outs, surface texture, diameter and 
roundness. In this chapter, the relation between some drilling parameters and hole 
quality is investigated.  
 
The experiments carried out are described in Section 5.2, where the format of the 
experiments and drilling parameters used are defined.  Section 5.3 is dedicated to 
analysing the quality of the holes and discussing the results. Visual inspection 
(subsection 5.3.1), microscope (subsection 5.3.3), Go/NoGo gages (subsection 5.3.4), 
and a coordinate measurement machine (subsection 5.3.5) are the methods used to 
measure the quality parameters. In section 5.4, the hole quality parameters are related to 
the thrust force and torque produced during drilling.  In section 5.5, another set of 
experiments is carried out and the drilling stages are investigated in relation to quality. 
Section 5.6 gives the conclusions where the outcomes of this chapter are discussed and 
summarised. 
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5.2 Description of Experiments  
Several series of holes were drilled with different drilling parameters in order to analyse 
the effect drilling parameters have on the hole quality. Three 4.85mm drill bits were 
used for these experiments and the thickness of the samples was 5.2mm. These 
parameters were kept constant to limit the number of variables. The drilling parameters 
varied were spindle speed [rpm], feed rate [mm/s], depth of drilling (displacement of the 
tip of the drill bit from the first instant of contact), and tool age (number of holes 
previously drilled by the drill bit).  
 
Nine hole sets were drilled, each set consisting of 29 to 31 holes drilled with the same 
drill bit and depth of drilling. Each combination of the parameters was repeated three 
times. The feed and spindle parameters varied in accord with table 5.1. 
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1-3 0.06 0.75 750 
4-6 0.08 1 750 
7-9 0.12 1.5 750 
10-12 0.045 0.75 1000 
13-15 0.06 1 1000 
16-18 0.09 1.5 1000 
19-21 0.03 0.75 1500 
22-24 0.04 1 1500 
25-27 0.06 1.5 1500 
28-31 0.06 0.75 750 
 
 
The last four holes of each set of holes were drilled with the same settings as the first 
holes of the set in order to evaluate the effect of tool wear during the drilling of the first 
28 holes. This verified that the use of the drill during each hole set was negligible. Table 
5.2 summarises the drills and depths used for each hole set. 
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Table 5.2 Drilling Parameters 
Hole set Drill bit Depth [mm] 
1 drill #1 
2 drill #2 
3 drill #3 
13.4  
(drill depth) 
4 drill #1 
5 drill #2 
6 drill #3 
18 
(drill & limited 
drilling) 
7 drill #1 
8 drill #2 
9 drill #3 
23  




The first three hole sets were drilled with a new drill bit (drill #1), a drill bit which had 
drilled 100 holes (drill #2) and a drill bit which had previously drilled 300 holes (drill 
#3) respectively. All holes on the first three sets were drilled for a depth of 13.4mm 
which is the displacement necessary for the cutting lips to reach the bottom of the 
workpiece (5.2mm+8.2mm). This means that the direction of the tool travel was 
reversed and the drill removed out of the hole at that depth. This distance of travel was 
chosen because it was the transition from drilling to reaming and drilling stages, where 
the thrust force dropped to zero. Hence, the hole was drilled but not reamed.  The same 
experiments were repeated for 18mm travel (Hole sets 4-6). At this depth reaming of the 
hole was performed. The amount of time the hole is reamed is dependent on the travel 
speed being used. A third series of experiments was also carried out, using 23 mm travel 
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(Hole sets 7-9). The aim of this last series of experiments is to study the effect of extra 
reaming time on the quality of the holes.  
 
5.3 Analysing Hole Quality 
As previously described at the beginning of this chapter, hole quality includes several 
parameters and there are numerous ways of measuring them. In this study, visual 
inspection, pin gages, CMM (coordinates measurement machine) and microscope will 
be used to measure or classify some of those quality parameters. The aim is not to 
quantify hole quality but to detect the existence of hole defects. For this study, defects 
will be considered undesirable characteristics of holes such as break outs, surface 
texture, delamination and shape of the hole.   
 
After drilling, each hole was analysed and the existence of any visual defects was 
recorded.  The parameters recorded by visual inspection were fibre break outs, surface 
texture and delamination. The type of chip produced was also noted. Figure 5.3.1 shows 
a photo of a hole and drill bit just after drilling with the chips still on the sample and on 
the drill bit.  
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Figure 5.3.1 Photo of drill bit and sample after drilling 
 
After this analysis the holes showing break outs were manually cleaned using an 
abrasive surface such as scotch-brite (common procedure in industry). The holes were 
then ready to be analysed in terms of size and shape: using pin gages and CMM.  
 
5.3.1 Visual Inspection 
Typical results of hole quality obtained by visual inspection are described below. For 
simplicity, each hole set is described separately.  
 
Hole Set 1:  
 Clean cut surface, no fibre pull outs at the entrance surface and minimal break 
outs at the exit surface.  
 Internal wall of the holes is smooth and shiny. Holes drilled with 1500rpm show 
some internal marks. 
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 Chips produced are black and dry (sugar like).  
 The last two holes look the same as first holes drilled. 
 
Hole Set 2: 
   The edges of the holes on the top surface are slightly raised; there are no loose 
fibres at the entrance but some at the exit of the hole. The amount of break out is 
the same for all holes, hence they are independent of the settings used. 
 The internal surface texture of the holes is not as smooth and shiny as the 
surface shown for the holes drilled in the previous hole set. Circular marks can 
be seen in most holes. The holes drilled with higher spindle speed show a 
substantial increase in surface marks.  
 The chips produced are of lighter colour than hole set 1 and it can be seen that 
some of the chips are ‘lumpier’. 
 The last two holes look similar to first holes drilled. 
 
Hole Set 3: 
   The edges of the holes on the top surface are slightly raised, showing fibre 
break outs at the entrance and the exit surface. The amount of break out is 
independent of the settings used. 
 The internal surface of the holes shows circular marks. The holes drilled with 
higher spindle speed show an increase in scorch marks.  
 The chips produced are lighter in colour and lumpier than hole set 2. 
 The last two holes look similar to first holes drilled. 
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Hole Set 4:  
 The holes edges present a clean cut surface, no fibre pull outs at the entrance and 
minimal break outs at the exit edge.  
 Internal surface of the holes shows a few marks, not as many as seen in hole set 
2 and 3. 
 Chips produced are black and dry but not as much as the ones produced in hole 
set 1.  
 The last two holes look similar to first holes drilled. 
 
Hole Set 5: 
  The edges of the holes at the entrance are slightly raised, a few fibre break outs 
can be seen and there are fibre break outs at the exit of the holes. The amount of 
loose fibres, or break outs, is independent of the settings used. 
 Internal surface of the holes show marks in the same manner as hole set 2. 
 The chips produced are of similar colour and dryness as hole set 2.   
 
Hole Set 6: 
 The edges of the holes on the top surface are slightly raised; fibre break outs at 
the entrance and exit of the hole are present. The exit of the holes generally have 
a better cut surface than the holes from hole set 3. The amount of loose fibres is 
independent of the settings used. 
 Internal surface of the holes shows marks in the same manner as hole set 3. 
 The chips produced are of similar colour and dryness as hole set 3.   
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Hole Set 7: 
 The holes present a clean cut surface; few fibre break outs at the entrance 
surface and minimal break outs at the exit surface.  
 Internal surface of the holes show a few marks, not as many as in the hole sets 
drilled by the other drill bits. 
 The chips produced are black and dry but not as much as the ones produced in 
hole sets 1 and 4.  
 The last two holes look similar to first holes drilled. 
 
Hole Set 8: 
 The appearance of these holes is similar to the ones described for hole set 5 
 
Hole Set 9: 
 The appearance of these holes is similar to the ones described for hole set 6.  
 
5.3.2 Discussion of Results  
A few conclusions can be drawn from the results described. First, the holes’ 
characteristics were directly related to the drill bit used. The new drill bit produced far 
better looking holes than the other two drills. Fibre and scorching marks were directly 
related to the age of the drill bit.  
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    hole #1              hole #50   hole #150 
Figure 5.3.2 Typical Surface texture of holes drilled by the same drill bit of different ages (same 
drilling parameters) 
 
The older the drill, the greater is the number of marks and scorching in the internal 
surface of the holes. Figure 5.3.2 shows photos of cross sections of holes where this 
phenomenon is evident. 
 
High spindle speeds leave more scorch marks in the internal surface of the holes. Figure 
5.3.3 shows an example of holes drilled consecutively by the same drill bit at different 
spindle speeds.  
 
 
           (a)       (b) 
Figure 5.3.3  Internal surface of holes for a) High spindle speeds b) Low Spindle Speed 
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The heat generated by the higher spindle speed and/or the wear of the drill bit will 
accumulate around the tool edge destroying the matrix stability [1].  With the damaged 
matrix at the edges of the holes, fibres can be pulled out [2], producing the scorching 
marks and rough cuts. As other researchers have explained, when the tool does not 
successfully cut the fibres, the tensile and compressive forces generated by the tool 
rotation cause the fibres and matrix to be torn out from the hole surface [3]. 
 
The colour and dryness of the chips changes with the number of holes drilled. Figure 
5.3.4 shows an example of holes drilled with the same parameters using drill bits of 
different ages. The colour of the chip produced gets lighter with the number of holes 
drilled by the drill bit, possibly due to the higher temperatures generated with older drill 
bits. The chips also become lumpier and more spread out.  
 
 
     new drill              used drill             older drill                  new drill      used drill      older drill  
Figure 5.3.4 Photos of Typical Chips generated by drill bits of different ages 
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With the increase in thrust force due to wear of the drill, friction between the tool and 
composite generates heat which damages the matrix, softening it. The chips form lumps 
and can even clog the tool making further machining difficult [3].  
 
In Figure 5.3.5, the difference in the amount of pulled or uncut fibres (so called break-
outs) produced for different age drill bits can be clearly seen. Newer drill bits produce 
better-cut holes. 
 
   
Hole Set 1  Hole Set 2  Hole Set 3 
Figure 5.3.5 Typical Examples of Hole entrance for Hole Set 1, 2 and 3 
 
The typical examples of exit surface of the holes is shown in Figure 5.3.6. As the 
number of previously drilled holes increases, the drill bit produces more breakouts as 
well as some burn marks around the edges. 
 
 108
   
Hole Set 1   Hole Set 2   Hole Set 3 
Figure 5.3.6  Typical Examples of Hole exit for Hole Set 1, 2 and 3 
 
As the drill bit is wearing out and the thrust force necessary to push through the material 
increases, some fibres are pushed away and not cut. These pulled out fibres can be 
removed by action of an abrasive surface. It has been stated by other authors [4] that the 
most visible effect of tool wear is these loose fibres at the exit face of the hole.  At the 
later stages of the drill tool life they can be difficult to clean. Figure 5.3.8 shows photos 
of holes before and after cleaning with a home use scotch-brite pad (Figure 5.3.7).  
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Figure 5.3.7 Cleaning the break outs 
 
     
(a)    (b) 
Figure 5.3.8 Holes before (a) and after (b) cleaning 
 
Delamination of carbon composites is reported by many (discussed in Chapter 1) as a 
problem in drilling carbon composites. In the current experiments, no significant 
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delamination has been observed, even for the older drill bits. In an attempt to provoke 
delamination, an experiment was carried out where the spindle speed was set to 750 rpm 
and the feed rate was consecutively increased. Delamination started occurring when the 
feed rate was set to 9mm/s. The delamination became bigger as the feed was increased. 
Figure 5.3.9 shows examples of these holes. When the feed rate was set to 15mm/s the 
thrust force produced was 1500 N. For the feed rate of 17mm/s, the drill bit broke. 
 
      9mm/s   11mm/s        15mm/s 
     
 
 
Figure 5.3.9 Delamination of the back of a hole 
 
It is, therefore, concluded that for the one shot drill bit and carbon composites being 
studied here, the delamination only occurs if the forces are very high and close to the 
limit the drill bit will withstand. Hence, delamination is not an issue in the present 
study.  
5.3.3 Microscope 
After removing all the loose fibres, the holes were ready to be analysed by a 
microscope. A dark ring mark could be seen on the top surface around the holes. This 
damage to the surface is believed to be the region where the matrix stability has been 
Delamination 
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affected by temperature. The shaded area increased steadily with the number of holes 
drilled as shown in Figure 5.3.10, Figure 5.3.11 and Figure 5.3.12. No relation could be 
found between the extent of damage and the parameter settings used (spindle speed, 




Figure 5.3.10 Hole entrance Damage by drill #1 (Hole Set 1) 
 
 
Figure 5.3.11 Hole entrance Damage by drill #2 (Hole Set 2) 
Hole 1 Hole 8
Hole 14 Hole 20
Hole 102 Hole 125
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Figure 5.3.12 Hole entrance Damage by drill #3 (Hole Set 3) 
 
5.3.4 Pin Gages 
Pin gages or Go NoGo gages are commonly used in industry to check if a hole is within 
the size tolerance given to the application. For a hole to be within tolerance, the smaller 
gage (go) has to enter the hole and the bigger (no go) cannot fit the hole. The same 
procedure was used in this research to find the diameter of the holes. The drill bit 
diameter was 4.85mm and the pin gages used ranged from 4.78mm to 4.95mm with 
25.4µm steps, giving sizes: 4.80, 4.83mm, 4.85mm, 4.88mm, 4.9mm 4.93mm and 
4.95mm. Aerospace industry applications where this drill bit is used commonly set the 
size tolerance at 7µm: 4.83mm (go) to 4.90mm (no go). A hole that does not fit a 
4.83mm gage is too small and a hole fitting a 4.90mm gage is too big.  
 
All holes drilled in these experiments were tested using the pin gages. The gages were 
introduced to each hole starting with the smallest one and going up in size until the gage 
did not fit. Hence, the diameter of the hole is the size of the biggest gage fitting into the 
hole. 
 
Hole 300 Hole 315
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Figure 5.3.13 shows the results obtained for the holes drilled by drill #1 (new drill bit). 
 
Figure 5.3.13 Hole Diameters for Drill #1 
 
It can be seen that all holes passed the size tolerance test. The holes drilled for 13.4mm 
(Set 1) are generally smaller than the holes drilled and reamed for longer (18mm and 
23mm). It is also observed that there is no difference in size between the holes 
drilled/reamed for 18mm (set 4) and 23mm (set 7). 
 
The diameter of the holes drilled with drill #2 can be seen in Figure 5.3.14. For this 
drill, the depth of drilling is directly related to the size of the final holes. The longer it 
drills, the bigger is the hole. It is also seen that the holes drilled for 13.4mm are too 





























Figure 5.3.14 Hole diameters for drill #2 
 
 
Figure 5.3.15 Hole Diameters for Drill #3 
 
The results found for drill #3 are identical to drill #2 as seen in Figure 5.3.15. The holes 























































Figure 5.3.16 Hole Diameters for all holes 
 
It is noted that the holes can be smaller than the size of the drill bit. This is a problem 
usually associated with the material being drilled [5]. The elastic deformation of the 
fibre, akin to buckling, causes a facet along the cut fibre inclined in relation to the 
cutting edges. After being cut, the fibres return to the initial position, causing tightening 
around the hole [6]. This effect will also increase the friction between the tool and the 
composite, generating higher temperatures. The problem is compounded by the 
insulating characteristics of the carbon composite, increasing the local temperature to 
values that can damage the matrix. This heat damage is the reason for other problems 
and or defects, one of them being the tapered shape of the holes [7]. It has been 
suggested that this happens because of cutting at the margins on the thermally deformed 
workpiece [8].   
 
The use of pin gages to measure size is very quick and practical, and although it is 


























governed by its smallest diameter and it gives no indication about the possible variation 
in diameter. Problems such as tapered holes, out of shape or angled holes are not 
detected by the pin gages. Figure 5.3.17 represents some of these problems. 
 
Figure 5.3.17 Examples of hole defects missed the gages 
 
5.3.5 Coordinate Measurements 
A coordinate measuring machine was used to measure the dimension of the holes. 
Figure 5.3.18 shows a photo of a hole set. 
 
Figure 5.3.18 Photo of  a Hole Set 
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For each hole, 24 coordinate points in a circumference were measured, 8 at each of 
three different heights, as illustrated by Figure 5.3.19, Figure 5.3.20, and Figure 5.3.21.  
By doing this, data about the top, middle and end of each hole can be extracted. 
 








Figure 5.3.21 Side View of Holes coordinates for one Hole Set (dimensions in mm) 
 
Using these coordinates, the diameter of each hole could be calculated at each different 
height of the hole. By doing this, it is possible to obtain the diameter of the hole and the 
variation of the diameter through the hole. 
 
5.3.5.1 Diameter 
In the current measurements, the coordinates of the holes were related to the zero 
reference of the coordinates machine, and therefore there was no information on the 
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centre of the holes. In order to calculate the centres, a Matlab program was prepared to 
estimate the coordinates of the centre point by fitting the data to a perfect circle in the 
least square sense (see Figure 5.3.22). For each hole, this procedure was repeated three 
times, one for each height. By doing this, it is possible to obtain the centre of the hole at 
the three heights measured.  
 
Figure 5.3.22 Estimated Circle using measured coordinates in a Least Square sense 
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Analysing the CMM Results 
 
Using the averaged distance of each measured coordinate to the estimated centre of the 
hole, it was possible to calculate the diameter of the hole (for each height). The results 
obtained can be seen in the following figures.  
 
Figure 5.3.23 Diameter of holes using Drill #1 
 
Figure 5.3.23 shows the results of the holes drilled by drill #1.  It can be seen that the 
diameter of the holes varies through the length of the hole. For the holes drilled but not 
reamed (13.4mm), there is a major difference, showing that the hole diameters are much 
smaller at one end; hence they have a tapered shape. The same effect can be seen for the 
remaining holes, but it is clear that the longer the drilling time, the less tapered the holes 
will be. It is also shown in the figure that the first holes drilled are actually oversized on 
the top of the holes. This is expected to be related to the drill bit being new as it only 





















Set 1-drilled for 13.4mm  Set 4-drilled for 18mm Set 6-drilled for 23mm 
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Figure 5.3.24 Diameter of holes using Drill #2 
 
Figure 5.3.24 shows the results obtained for holes drilled by drill #2. In the same 
manner as for drill #1, the holes which were not reamed have a tapered shape. The 
tapered shape disappears for the holes drilled for longer and most hole diameters range 
from 4.85mm to 4.9mm. It is also noticeable that the holes reamed for longer (23mm) 
are slightly bigger than the holes reamed for less (18mm). This suggests that the hole 
diameters are getting marginally bigger with drilling/reaming time. 
 













































Set 3-drilled for 13.4mm Set 6-drilled for 18mm Set 9-drilled for 23mm 
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The results obtained for the holes drilled by drill #3 can be seen in Figure 5.3.25. In the 
same manner as for drill #2, the holes not reamed have a tapered shape which is not 
seen on the remaining samples. The diameter of the holes also increases slightly with 
drilling/reaming time. 
 
Figure 5.3.26 Hole Diameters for all Samples 
 
Comparing the diameters of the holes drilled by all drill bits (see Figure 5.3.26), it can 
be seen that drill #2 makes holes slightly smaller than drill #1, but bigger than drill #3. 
Hence, the older the drill bit, the smaller are the holes produced. 
 
Figure 5.3.27, Figure 5.3.28, and Figure 5.3.29 show the relation between the diameter 
of the holes and the settings used for drilling. For this analysis, the diameter of each 
hole is an average of the diameters at each height of the hole.  
 
The spindle speed slightly affects diameter, as shown in Figure 5.3.27. For higher 
spindle speeds, the hole diameter is slightly smaller. This happens for all drill bits.  





















  Set 1    Set 2   Set 3     Set 4    Set 5   Set 6    Set 7     Set 8   Set 9 
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Figure 5.3.27 Relation between Spindle Speed and hole Diameter 
 
Figure 5.3.28 shows the relation between the feed rate (mm/s) used and the hole 
diameter. No trend emerges from this analysis.  For holes drilled by drill#3, the 
diameters are slightly smaller for higher feeds, but the difference is so small (and not for 
all holes) that no conclusion can be drawn. Hence, within the range of feed rates used, 



























Figure 5.3.28 Relation between Feed rate [mm/s] and hole Diameter 
 
Looking at Figure 5.3.29, it can be seen that once again, no trend is found between the 
feed used and the diameter of the holes. Feed is a function of feed rate and spindle 
speed, and although the spindle speed is related to the size of the holes, feed is not. In 
Figure 5.28, it is also clear that the drill bits which had previously drilled more holes 


























Figure 5.3.29 Relation between Feed [mm/rev] and hole Diameter 
 
5.3.5.3 Roundness  
The roundness of the holes can be calculated using the coordinates measured by the 
CMM and the line of best fit estimated above.  Two reference circles are calculated, 
which are concentric to the best fit circle and enclose all data points. Roundness consists 




























Figure 5.3.30 Defining Roundness 
 
This procedure was used to calculate the roundness of each hole at each of the three 
different heights measured. Hence, for every hole, there were three roundness results. 




























    Hole Set 1-drilled for 13.4mm Hole Set 4-drilled for 18mm Hole Set 6-drilled for 23mm 
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For most holes, roundness was under 0.1mm. There is not a significant variance on the 
roundness values for each height of the hole (with one exception, possibly due to 
chatter). This means that the holes analysed have approximately the same roundness 
throughout the hole. It can also be seen that the roundness values are decreased for the 
sample reamed longer. Hence, when drilling with a new drill bit, the longer it reams, the 
rounder the holes will be.  
 
Figure 5.3.32 shows the results obtained for the holes drilled by drill #2, which had 
previously drilled 100 holes.  It can be seen that the roundness values are around 
0.05mm with few exceptions. For this drill bit, the holes drilled for 13.4mm show a 
significant difference in roundness throughout the hole. The lower level of the holes 
presents a much higher value; hence the end of the holes is not as round. The same 
phenomenon is not observed for the holes reamed for longer, where the roundness of the 
holes is fairly constant through the hole and for all the settings tested.  
 
 


























Hole Set 2-drilled for 13.4mm Hole Set 5-drilled for 18mm Hole Set 8-drilled for 23mm 
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Figure 5.3.33 shows the results obtained for the holes drilled with drill #3, which had 
previously drilled the most number of holes. The results shown in this figure are very 
similar to the results from drill #2. The roundness values average 0.05mm for most 
holes, with the exception of the bottom layer of the holes drilled for 13.4mm where the 
roundness values are much higher (the holes are not as round). 
  
Figure 5.3.33 Roundness of Holes for Drill  #3 
 
By plotting all the results together, as depicted in Figure 5.3.33, it can be seen that for 
hole sets 4, 5, 6, 7, 8 and 9, the roundness is constant throughout the holes, which means 
that as long as the holes are reamed, the holes will be round throughout. For the holes 
drilled but not reamed (13.4mm), there are two outcomes: hole sets 2 and 3 show the 
lower end of the holes less round than the top and middle. The same effect is not seen 
for hole set 1 which means that for the new drill bit, the hole is fairly round throughout. 
As shown before, the roundness of the holes from drill #1 improves with reaming time, 
























Hole Set 3-drilled for 13.4mm Hole Set 6-drilled for 18mm Hole Set  9-drilled for 23mm 
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Figure 5.3.34 Roundness for all Samples 
 
From Figure 5.3.34, it can also be concluded that hole roundness is better for the drill 
#1, but when drilling for 18mm or more, the difference is very small.     
 
Figure 5.3.35, Figure 5.3.36 and Figure 5.3.37 show the relation between the roundness 
of the holes and the settings used for drilling. For this analysis, the roundness of each 
hole is an average of the roundness at each height of the hole. 
 






















Set 1 Set 2     Set 3        Set 4    Set 5    Set 6    Set 7   Set 8   Set 9 
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Figure 5.3.35 Relation between Spindle Speed [rpm] and hole Roundness 
 
 

















































Figure 5.3.37 Relation between feed [mm/rev] and hole Roundness 
 
No trend or consistent relation emerges from the relation between the settings used to 
drill and the roundness of the holes produced. It is possible that the range of settings 
tested was not wide enough to show a difference, and that the variation of the hole 
roundness was so small that the measuring device will not pick it up.  
 
5.4 Relating Quality of Holes to Drilling Force and Torque 
The thrust force and torque produced during drilling has been analysed in Chapter 3, 
and found to be directly related to the settings used and to the number of holes drilled. 
The number of holes drilled not only affects the thrust force, but also the quality of the 
holes as shown in the previous sections. It has also been shown in the previous sections 
that the drilling parameters do not have a major effect on the size or roundness of holes 

























thrust force will relate to the quality of holes only when and if it is also related to drill 
bit age, not the drilling settings. 
 
Figure 5.4.1 Relation between Thrust Force and Roundness 
 










































Figure 5.4.1 and Figure 5.4.2 show, as expected, the lack of relation between the thrust 
force and torque produced while drilling and the roundness of the hole drilled. 
 
 
Figure 5.4.3 Relation between Thrust Force and Diameter 
 
Figure 5.4.3 shows that there is a relation between the thrust force produced and the 
diameter of the hole drilled (note that all holes in this figure were drilled by a drill bit of 
the same diameter). This is related to the age of the drill bit. It has been previously 
shown that older drill bits produced smaller holes, and this relation shows on the thrust 
force, too.  The torque is not affected by tool age in the same manner, and as shown in 
Figure 5.4.4, no relation was found between the torque and the diameter of the holes 
produced. This is consistent with the findings from Chapter 4 where it is shown that 




















Figure 5.4.4 Relation between Torque and Diameter 
 
5.5 Relating Drilling Stages to Quality 
The previous sections have described how some drilling parameters affect hole quality. 
However, due to the nature of the experiments, it is not possible to know when the 
damage to the holes’ quality occurs.  The aim of this section is to investigate the relation 
between hole quality and the stages of the drilling process.  
 
It has previously been shown that for the range of settings used, the most important 
factor affecting hole quality is tool age, or number of holes previously drilled. 
Therefore, the tool age is chosen as the factor to be used in order to relate hole quality to 
the drilling stages. To investigate this further, a series of experiments was carried out 
where drill bits were changed at specific positions of the drilling process (see Figure 


















B has previously drilled 300 holes.  The spindle speed and feed rate used was kept 
constant at 1000rpm and 1mm/s (0.06mm/rev), respectively. 
                    
 
Figure 5.5.1 Drilling routine to test the relation between stages and quality of holes 
 
Initially, one hole was drilled all the way with each drill bit to serve as comparison for 
the following holes. As expected, the hole drilled with drill A showed a clean cut edge, 
smooth surface and no fibre break outs, while the hole drilled by drill B showed fibre 
break outs, raised edges and scorch marks inside the hole. Table 5.3 shows the sequence 























Quality of Hole 
#1 drill A 
clean cut edge, smooth internal surface, 
no fibre break outs 
#2 drill B 
fibre break outs, raised edges, scorch 
marks inside the hole 
#3 drill A drill B 
fibre break outs, raised edges, scorch 
marks inside the hole 
#4 drill B drill A 
clean cut edge, smooth internal surface, 
no fibre break outs 
#5 drill A drill B 
fibre break outs, raised edges, scorch 
marks inside the hole 
#6 drill B drill A 
clean cut edge, smooth internal surface, 
no fibre break outs 
#7 drill A drill B 
clean cut edge, smooth internal surface, 
no fibre break outs 
#8 drill B drill A 
fibre break outs, raised edges, scorch 
marks inside the hole 
 
During setting #3, a new drill bit was used for the entrance only and most of the hole 
was drilled by an old drill bit. The resulting hole quality is comparable to that of the 
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setting #2, where an old drill bit was used all the way. This result  was expected, as 
most of the hole was drilled by drill B. In the same manner, setting #4 produced a hole 
comparable to setting #1, where a new drill bit was used.  
 
Setting #5 used both drill bits for the drilling part; it starts with drill A and when the 
reaming section is going to enter the material, the drill bits were swapped. Note that the 
reaming section initiates as the drilling is still going (as explained in Chapter 3).  The 
quality of the hole produced is comparable to #2, showing signs of poor quality. This 
suggests that the drilling and reaming stage are more important to quality than the 
drilling only stage. The opposite scenario is seen in setting #6, where the hole finished 
drilling and reaming with a new drill bit. The hole quality compares to #1. 
 
In  setting #7 and #8, the holes were drilled with one drill bit and reamed with the other. 
The hole quality corresponded to the drill bit used for the drilling stage. The hole drilled 
with drill A and reamed with drill B showed better hole quality than the opposite 
scenario. This suggests that if damage is caused during drilling, the reaming section is 
not sufficient to hide it.  
 
Analysing these results as a whole, it can be concluded that in the current experiments, 
the drilling and reaming stage (Stage III) is the most important stage relating to the hole 
quality. An explanation for this is that any possible damage occurring before the last 
portion of drilling (Stage I and II) will be repaired by Stage III which is the stage where 
the widest section of the drill bit enters the hole. On the other hand, damage occurring 
during this stage will still be seen after reaming. This is not to say that reaming is not 
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necessary. As shown in previous sections, reaming finishes the hole to size, but does not 
affect problems such as fibre break outs, scorch marks and raised edges. 
 
Another possible explanation for the results presented is that the drill bit is worn on the 
outer edge of the cutting edges, and therefore only the portion of the hole machined by 
this section shows the effects of tool age.  This explanation is unlikely because, as 
shown in Chapter 3, the effect of wear on thrust force is present for all stages (but 
reaming). This suggests that the drill bit was worn in the cutting edges which machined 
other stages, in particular, before break through. It was also concluded in Chapter 3 that 
the effect of wear was prominent during drilling, particularly just before breakthrough. 
The present experiments show that the final visible damage occurs after breakthrough 
(during stage III – drilling and reaming).  
 
5.6 Conclusion 
In this chapter, the quality of holes is analysed. Defects and quality parameters are 
defined and ways of measuring them are investigated. Several experiments were carried 
out with varying drilling parameters: spindle speed, feed rate, reaming time and age of 
drill bit. 
 
The holes produced were studied and several quality parameters were measured and 
recorded. These consisted of: fibre break outs, scorching of material, chip size and 
coloration, diameter and roundness of the holes.  Various methods and equipment were 
used for this study: visual inspection, microscope, pin gages and coordinate 
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measurement machine (CMM). The results obtained allowed the following conclusions 
to be drawn: 
 
• Holes that have been drilled but not reamed for long will have a tapered shape 
and might have smaller diameter than the drill bit. 
 
• Older drill bits produce smaller holes than new ones, possibly because the 
cutting edge is not sharp enough; i.e., for the same amount of machining time, 
less material is removed. The problem can be minimised by reaming for longer 
with older drill bits. Reaming time can improve size tolerances, although this is 
also known to increase temperature and tool wear.  
 
• The chips produced by older drill bits show a lighter colour and bigger size than 
the chips produced by newer drill bits.  
 
• The damage to the surface is directly related to the age of the drill bit. New drill 
bits produce shiny clean surfaces while older drill bits scorch the surface. This 
problem can be marginally improved by using lower spindle speeds. Lowering 
of the spindle speed is usually avoided because this increases the thrust force 
and potentially increases the possibility of delamination. However, if the spindle 
speed is decreased after break through, when the thrust force is already much 
lower, but the widest section of the drill bit is outside the workpiece, 
delamination can be avoided. This would also mean that reaming would be 
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performed at a slower speed than drilling which is the advice usually given for 
reaming in general.   
 
• Problems such as surface damage and breakouts occur while the widest section 
of the drill bit enters and makes its way through the material (Stage III drilling 
and reaming). This can be expected in the sense that any damage occurring 
before Stage III will be drilled out, and the reaming action occurring afterwards 
does not remove enough material to make the defect disappear.  
 
• The Stage V (reaming) finishes the hole to size tolerance. It has been shown that 
holes reamed for longer have better roundness and size tolerance. It has also 
been shown that if drilling is stopped just as the cutting edges are through the 
hole, the holes have a tapered shape. This problem is more pronounced for older 
drill bits.  
  
• It has been shown that the drilling and reaming stages are responsible for the 
effects of tool wear on the surface finish of the hole; in particular the cutting 
carried out by the widest section of the drill bit cutting edges. This is an 
interesting finding because it disagrees with the common assumption that the 
moment just before breakthrough is the most important section of the drilling 
process. It is true that just before breaking through is the point where the thrust 
force is at its higher value and delamination is possible. Although delamination 
has not been observed in the current experiments, it is possible that it did occur, 
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but the extension of the delamination was within the diameter of the drill bit, and 
therefore drilled out. It is expected that if more thrust force could have been used 
without breaking drills the extension of delamination might not have been 
compensated by the remaining drilling.    
 
• The tool wear rate when drilling carbon composites is very high and, is the 
major factor affecting hole quality. Factors such as drilling time, spindle speed 
or feed rate can influence hole quality but on a smaller scale. Measures which 
decrease the tool wear rate or maximise hole quality are therefore very desirable. 
Such measures include choosing drilling parameters which would decrease the 
time of drilling and the temperature generated. Unfortunately, many of these 
measures might also bring adverse results, for example: 
 Increasing feed rate decreases drilling time, but increases thrust force 
(enhancing the chances of delamination and increasing tool wear). 
 Increasing spindle speed decreases thrust force (and therefore the possibility 
of delamination and tool wear), but increases temperature and possibility of 
vibration or chattering. 
 Decreasing feed rate decreases thrust force but increases drilling time and 
temperature generated. 
 Decreasing spindle speed will increase the thrust force generated. 
 
The findings of this chapter will be used as input information for the design of an 
automated drilling system described in the next chapter. 
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Chapter 6 Automated Drilling and Reaming  
6.1 Introduction 
 
The optimisation of machining has been the focus of many researchers as discussed in 
Chapter 1. The most common approach is to define the limits and variables and use a 
mathematical method to find the best solution for a particular application. This usually 
involves undertaking several machinability tests where thousands of holes are drilled 
and many drill bits used. The tool wear rate is established for each of the settings used 
and this information is used to make the final decision. Although this is a costly and 
slow procedure, it can be cost-effective for applications where many thousands of holes 
need to be drilled for the same application. But most of these optimisation techniques do 
not consider the possibility of using variable feeds and speeds during the drilling of 
holes or of compensating for the inevitable wear of the drill bit.   
 
The time it takes to drill a hole is directly related to the feed rate used. Since time is 
such an expensive variable (in particularly in industries like the aerospace industry, 
where several thousands of holes have to be machined per part), it is logical to 
maximise the feed rate. Hence the maximum feed rates possible and the maximum 
speed with which holes can be drilled before the quality of the holes and/or the 
equipment suffers are all areas of considerable interest.  
 
Finding the best settings for an application is a cumbersome problem and always a 
matter of compromising. Limits of the system need to be established and the cost of 
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changing drill bits due to tool wear has to be measured against the savings generated by 
drilling in shorter times.  
 
The aim of this chapter in not to find the best feed rate and spindle speed for any 
particular application, but to demonstrate that a better knowledge of the drilling process 
and use of variable settings will allow faster drilling without losing quality.  
 
The age of the drill bit has been shown to be the most important factor for hole quality. 
Although this cannot be avoided (i.e. holes cannot be drilled with a new drill bit every 
time) , the adverse effect tool age has on the quality of the holes can be minimized by 
adjusting the drilling parameters for the age of the drill. 
 
The work developed and described in the previous chapters will now be used to make 
decisions about which settings are most apropriate during the course of the drilling 
process. 
 
In Chapter 3, the thrust force and torque are divided into sections which represent the 
different machining stages. Now, these stages will serve as basis of defining a 
controller. For each hole, drilling feed and speed will vary acordingly to the stage. The 
hole quality information obtained in Chapter 5 will be used in the decision making 
algorithm. The mathematical model developed in Chapter 4 will be used to find which 
parameters to use for a given force so that open loop force control can be implemented.  
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It is important to note that the experiments undertaken in the previous chapters were 
necessarily within a limited range of settings. Therefore, all the quality parameters 
considered and the mathematical model developed here should only be used for the 
range of settings used to develop it. In this chapter, the drilling settings will be 
maintained within the range of settings tested to ensure  accuracy and repeatibility of 
results. In principle, it is possible that a different range of settings is also practical, but 
the ones chosen here are widely used for industrial applications. 
 
In section 6.2, an algorithm is developed in order to generate the best settings for each 
stage of the drilling process by taking into consideration the age of the drill bits. This 
algorithm is then tested in Section 6.3. Two given scenarios are used to calculate the 
best settings and to drill holes. The results obtained are compared to those found by 
drilling at constant settings in order to evaluate the success of the new automated 
system. In Section 6.4, conclusions are drawn. 
6.2 Optimising Drilling Time  
From all the limitations in an application, the range of feeds and spindle speeds which 
the equipment can develop is an obvious limitation. But there are others too. The forces 
generated during the drilling process increase proportionally to the feed (mm/rev) and 
usually limit the maximum feed rate. These forces are particularly important for the 
drilling of carbon composites where accelerated tool wear will increase the thrust force 
and where delamination is also a threat. Also, higher forces will affect the accuracy, 
usually related to the load applied, of positioning systems.  
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 The spindle speed also plays a role in this; the feed (mm/rev) increases proportionally 
to the feed rate but inversely proportionally to the spindle speed. Theoretically, feed 
rates could be maintained high without creating higher forces by increasing the spindle 
speed. In this case, the spindle speed would be the limiting factor. But increasing the 
spindle speed will bring other problems such as likelihood of vibrations (or even 
chatter) and the increase of temperature and tool wear. In the drilling of carbon 
composites where its abrasive nature already induces very high wear rates, increasing 
the spindle speed would aggravate this problem. The temperature generated during 
drilling not only will affect the tool wear rate but can also damage the workpiece as the 
resin in the composites is particularly sensitive to temperatures. 
 
The thrust force allowed by the system is therefore the most common limiting factor on 
the minimisation of drilling time. Ideally, the feed rate should be as high as possible to 
decrease drilling time while the spindle speed should be low to decrease temperature 
and tool wear rate.  
6.2.1 Stage I  
Stage I represents the entrance of the drilling process. During this stage, problems such 
as wandering and deflexion of the drill bit could be an issue. Peel-up has also been a 
problem discussed in the literature [1]. In the experimental work presented here, peel-up 
was not observed and no significant wandering of the drill bit or miss-positioning of the 
hole could be measured. Furthermore, extensive testing discussed previously lead to the 
conclusion that whatever happened during this stage was not affecting the final quality 
of the holes. Therefore, the drilling parameters used during this stage will here only be 
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limited by the thrust force they generate. In Chapter 5, it was shown that the thrust force 
at this stage started from 0 and increased steadily until it reached a value estimated by 
the force model developed. Now, the force model can be used in the inverse model; for 
a given thrust force, drill bit and thickness of material, the feed [mm/rev] can be 

















+=   Equation 6-1 
 
where n is the number of holes previously drilled, thrustA [N] the thrust force and d 
[mm] is the widest diameter of the drill bit in contact with the workpiece at position A 
(as described in Chapter 5). 
After obtaining the feed, a decision in terms of feed rate and spindle speed can be made. 
The spindle speed used during this stage has been shown not to affect the quality of the 
final holes. Therefore, the feed rate will be set to its maximum (allowed by the system) 
and the resultant spindle speed calculated. If the spindle speed calculated is higher than 
consistent with the findings from previous chapters, than the spindle speed can be set to 
the maximum value allowed and the new feed rate calculated. If the spindle speed is 
lower than the minimum allowed, the thrust force will just be less than the maximum 
thrust force. If the new feed rate is considered too low, it means that the drill bit is too 
old and needs to be changed. 
  
The following chart represents the decision making process to calculate the feed rate 




























6.2.2 Stage II 
 
During Stage II, the actual drilling takes place. As previously discussed, the most 
important factor during this stage is the thrust force generated. The surface finish and 
shape of the hole are not determined during this stage; only the possibilities of 
generating high temperatures and or delamination are an issue. For the range of settings 
being tested, delamination was not a concern, and the temperature generated was within 
accepted values. Therefore, the same decision making strategy as for the entrance stage 
represented in Figure 6.2.1 will be used. Now, the equation used to calculate the feed 

















+=    (6-2) 
 
where n is the number of holes, thrustB the thrust force at point B and d [mm] the 
diameter of the drill bit at the point entering the workpiece. As previously explained in 
Chapter IV, d varies with the thickness of the workpiece.   
6.2.3 Stage III  
 
It has been shown in Chapter 5 that the most important stage for surface texture and 
breakouts is stage III, in particular when the reaming section enters the hole. It has also 
been shown in the previous chapter that although break outs could not be avoided, the 
surface texture was better for lower spindle speeds. Therefore, during the decision 
making process, drilling with low spindle speed will be given special emphasis. 
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Luckily, during this stage the thrust force is not as high as for previous stages, and 
higher feeds could be used without affecting the thrust force. The decision making 
process used to calculate the setting for stage III will be the same as for stage I and II, 



























=    (6-3) 
where n is the number of holes, thrustB the thrust force at point B and d [mm] the 
diameter of the drill bit. 
6.2.4 Stage IV and V 
 
By stage IV and V, the thrust force is zero and the hole is being reamed. Acordingly to 
the literature[2], reaming should be performed with a higher feed rate and lower spindle 
speed than drilling. It has also been shown in the previous chapters that the age of the 
drill bit did not affect the signals during this stage, sugesting that the drill bit is not 
wearing out significantly in the reaming section. On the other hand, the holes drilled by 
older drill bits tend to be smaller, and therefore reaming (which finishes the hole to size) 
is more important for older drill bits than for new ones. Although this trend was found, 
it was not possible to establish a linear relation between reaming time and size and/or 
age of the drill bit. Hence, reaming time will be set independtly of the age of the drill 
bit, to a value shown to achieve aceptable hole sizes even to older drill bits.  
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Other quality parameters affected by the reaming section such as roundness and surface 
finish are also shown to be within good tolerance values for the range of settings used 
(as long as the hole is reamed). For these reasons, reaming and back out will be set to 
high values of feed rate, and low values of  spindle speed. For consistency the values of 
feed rate and spindle speed used will be within the range tested, although it is reasonble 
to believe that during this section, those values could be much different ( feed rates 
much higher and spindle speeds much lower) without affecting the overall performance 
of the system. Although such a perspective is attractive considering the potential time 
savings, such a possibility is beyond the scope of the work in this thesis. 
6.3 Implementation of Automated Drilling- Experiments 
and Results  
 
A computer program was developed to drill in stages. The passage from one stage to the 
next was controlled by position of the drill bit in relation to the workpiece. The values 
of feed rate and spindle speed to be used at each stage were generated off-line by using 
the decision method described above.  
 
Three 4.9mm one shot drill bits were used for the experiments; Drill A had previously 
drilled 35 holes, drill B 118 holes and drill C 420 holes. By using these drill bits, the 
response of the new controller system to tool age could be evaluated.  The workpiece 
was 5.2mm thick. When the one shot drill bit is used by manual operators it can drill 
around 100-150 holes before resharpening. From the experiments previously 
undertaken, after drilling 150 holes without resharpening, the maximum thrust force 
produced would vary from 70N to 200N depending on the settings used. The holes 
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produced were of acceptable quality and so 100N will be used as a maximum thrust 
force reference; this, is a value which most robots used in this application will be able to 
withstand. A second set of experiments was carried out for a maximum force of 200N in 
order to show how the maximum thrust force allowed can influence the results.  
 
Using the decision making algorithm described above, the settings used for each stage 
were calculated. After each hole drilled with variable settings, a hole would be drilled 
with a constant feed rate and spindle set to the most limiting value, in order to compare 
them. 
 
During the experimental trials undertaken to study the drilling in stages, it was found 
that the drill bit did not withstand the sudden increase of the spindle speed during the 
drilling process. Changes during stage III and IV did not cause any problems but from 
stage I to stage II sometimes the drill bit would break. For this reason, it was decided 
that the spindle speed found for stage II (which is the limiting stage) would also be used 
for stage I.    
6.3.1 Maximum thrust force of 100N 
The settings found for drill A (Table 6.1) demonstrate that in order to maintain the 
thrust force under 100N, drilling can be performed at the optimal settings for stage III, 
while in stage I and II, the spindle speed had to be at its maximum and the feed rate 
decreased slightly in Stage II. If the drilling was to be performed at constant settings and 
with the same force constrains, the drilling time would have to be much higher and 
 153
higher temperatures would be generated which would not only increase the tool wear 
rate but also might degrade the surface finish. 
 
Table 6.1 Settings used to drill a hole with drill A and 100N Fmax 
 
 Stage I Stage II Stage III 
Stage IV  
and V 
Displacement  1.1mm 4.1mm 8.2mm 4.6mm 
Feed  0.06mm/rev 0.052mm/rev 0.12mm/rev 0.12mm/rev 
Spindle speed  1500rpm 1500rpm 750rpm 750rpm 
Feed rate 1.5mm/s 1.3mm/s 1.5mm/s 1.5mm/s 
Estimated Force 52.7N 99.7N 75.91N - 
 
 
The results obtained for this experiment can be seen in Figure 6.3.1. The generated 
thrust force at each stage agrees very well with the estimated force. When comparing 
these results with the results obtained for drilling at constant settings (Figure 6.3.2) it 
can be seen that the maximum thrust force generated is the same but there is a saving in 
time of around 5 seconds, a 20% time reduction. The quality of the holes generated is 
equivalent although the hole drilled at constant settings shows a slightly less even 
surface inside of the hole, which is directly related to the high spindle speed used for 
stage III. The amount of break-outs and size of the holes generated is exactly the same 
and would pass the quality test usually used in industry. It is therefore concluded that 
using a fairly new drill bit and respecting the constraints of the equipment and 
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maximum force allowed, the hole drilled using variable settings saved time and had a 
slight increase in hole quality. 
 
Figure 6.3.1 Drill A variable settings (max Thrust =100N) 
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Figure 6.3.2 Drill A constant settings (max Thrust =100N) 
 
The drilling settings calculated for drill B (Table 6.2) are different for the different 
stages, but for stage II it is not possible to maintain the thrust force below 100N. At the 
lowest feed rate and highest spindle speed, the thrust force is just over at 101.8N. For 
stage I, the maximum force is way under the 100 N even for the highest feed rate, while 
for stage III, IV and V the settings are ideal. 
Table 6.2 Settings used to drill a hole with drill B and 100N Fmax 
 
 Stage I Stage II Stage III 
Stage IV  
and V 
Displacement  1.1mm 4.1mm 8.2mm 4.6mm 
Feed  0.06mm/rev 0.03mm/rev 0.12mm/rev 0.06mm/rev 
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Spindle speed  1500rpm 1500rpm 750rpm 750rpm 
Feed rate 1.5mm/s 0.75mm/s 1.5mm/s 1.5mm/s 
Estimated Force 65.58N 101.8N 89.5N - 
 
The results obtained with this experiment can be found in Figure 6.3.3. The thrust force 
was maintained under the 100 N allowed which means that the estimated force was very 
slightly over the actually measured value for stage II. Comparing these results with the 
results obtained for drilling with constant settings (Figure 6.3.4) it is evident that there is 
a substantial saving in time of 16 seconds while maintaining the maximum thrust force 
generated at the same value. In relation to the quality of the holes produced, the size and 
break outs were the same but the hole drilled at constant settings shows an increase in 
marks in the internal surface caused by the high spindle speed during stage III. For this 
drill bit and drilling constraints, the variable settings approach enables much faster 
drilling with improved hole quality for the same maximum thrust force generated.  
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Figure 6.3.3 Drill B variable settings  (max Thrust = 100N) 
 
Figure 6.3.4 Drill B constant settings (max Thrust = 100N) 
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For drill C, which is the drill bit that performed the most number of holes, the 
parameters calculated for each stage are also different (table 6.3). For stage II, it was not 
possible to maintain the thrust force under the 100N using the range of settings 
available. This means that to maintain the thrust force under 100N, a newer drill bit was 
needed, or a different range of feed rate and/or spindle speed would have to be used. 
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Table 6.3 Settings used to drill a hole with drill C and 100N Fmax 
 Stage I Stage II Stage III 
Stage IV  
and V 
Displacement  1.1mm 4.1mm 8.2mm 4.6mm 
Feed  0.04mm/rev 0.12mm/rev 0.036mm/rev 0.06mm/rev 
Spindle speed  1500rpm 1500rpm 1500rpm 750rpm 
Feed rate 1mm/s 0.75mm/s 0.9mm/s 1.5mm/s 
Estimated Force 98.5N 157N 98.8N - 
 
 
The results obtained for this experiment (Figure 6.3.5) show that the thrust force 
generated was above the maximum thrust force of 100N although it was somewhat 
underestimated for stage I and over estimated for stage II and III.  In comparison to the 
results obtained for constant settings (Figure 6.3.6), the maximum thrust force is 
comparable but there is an evident saving in time of 13 seconds or 33% time reduction. 




Figure 6.3.5 Drill C variable settings (max Thrust =100N) 
 
Figure 6.3.6 Drill C constant settings (max Thrust =100N) 
 161
6.3.2 Maximum thrust force of 200N 
 
If the maximum thrust force is set to higher values, the settings found will be quite 
different. For drill A, the settings are all the same at maximum feed and lowest spindle 
speed (Table 6.4). For this scenario, drilling in stages would not bring an advantage, as 
the settings are the same for all stages and therefore the drilling is performed at constant 
settings. 
Table 6.4Settings used to drill a hole with drill A and 200N Fmax 
 
 Stage I Stage II Stage III 
Stage IV  
and V 
Displacement  1.1mm 4.1mm 8.2mm 4.6mm 
Feed  0.12mm/rev 0.12mm/rev 0.12mm/rev 0.12mm/rev 
Spindle speed  750rpm 750rpm 750rpm 750rpm 
Feed rate 1.5mm/s 1.5mm/s 1.5mm/s 1.5mm/s 
Estimated Force 66.59N 127N 66.59N - 
 
 
The thrust force produced by these settings agree fairly well with the estimated values 




Figure 6.3.7 Drill A constant settings (max Thrust = 200N) 
 
For drill B, although the maximum force estimated has increased, it is still possible to 
maintain the settings for the stages at optimum parameters for the range allowed (Table 









Table 6.5 Settings used to drill a hole with drill B and 200N Fmax 
 Stage I Stage II Stage III 
Stage IV  
and V 
Displacement  1.1mm 4.1mm 8.2mm 4.6mm 
Feed  0.12mm/rev 0.12mm/rev 0.12mm/rev 0.12mm/rev 
Spindle speed  750rpm 750rpm 750rpm 750rpm 
Feed rate 1.5mm/s 1.5mm/s 1.5mm/s 1.5mm/s 
Estimated Force 82.88N 149N 89.9N - 
 
In the same manner as for drill A, the thrust force produced agrees with the estimated 
values (Figure 6.3.8). 
 
Figure 6.3.8 drill B variable settings (max thrust = 200N) 
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For drill C, in order to maintain maximum force under 200N, the spindle speed had to 
be increased from the ideal low value (Table 6.6). In this case, there is not an advantage 
in terms of saving time by drilling in stages; the only advantage lies in being able to 
reduce the spindle speed during drilling Stage II. If the drill bit were to drill with 
constant settings higher temperatures would be generated and this would possibly 
damage the surface of the hole. It has been previously shown in chapter 5 that for older 
drill bits, the spindle speed used in stage III will affect the surface quality.  
 
Table 6.6 Settings used to drill a hole with drill C and 200N Fmax 
 Stage I Stage II Stage III 
Stage IV 
and V 
Displacement  1.1mm 4.1mm 8.2mm 4.6mm 
Feed  0.069mm/rev 0.035mm/rev 0.12mm/rev 0.12mm/rev 
Spindle speed  1300rpm 1300rpm 750rpm 750rpm 
Feed rate 1.5mm/s 1.5mm/s 1.5mm/s 1.5mm/s 
Estimated Force 117N 198N 140.6N - 
 
 
The results obtained using these setting are shown in Figure 6.3.9. As expected, the 
thrust force was maintained under the 200N limit. Comparing this result to the one 
obtained with constant settings (Figure 6.3.10), the only difference lies in stage III, 
where the thrust force is lower for constant settings due to the higher spindle speed. In 
terms of quality, the holes are comparable in terms of break outs and size. As expected, 
the surface produced with the variable settings is slightly better.  
 165
  
Figure 6.3.9 Drill C variable settings (max Thrust = 200N) 
 
Figure 6.3.10 Drill C constant settings (max Thrust = 200N) 
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6.3.3 Discussion of Results 
 
It can be concluded from the previous experiments that the advantages of a variable 
parameter drilling system vary for the different scenarios. The higher the allowed thrust 
force, the less the advantage available. The age of the drill bit also affects the results; for 
newer drill bits the improvements are not as evident as for older drill bits. The reason 
for this difference is amplified by the limitations of the parameters that can be used. For 
many cases, it was necessary to keep the feed rate and or the spindle speed at maximum 
and/or minimum values which made the use of the variable system redundant. For an 
application with a wider range of allowed settings, it is expected that the advantages of 
this algorithm would be much higher. Nevertheless, for many scenarios shown, the 
advantages of this automated system are evident.  
The age of the drill bit has been taken into consideration and the drilling parameters 
calculated adjusted. In practical terms, this is very important because the drill bit wears 
out at such an accelerated rate that it would be impossible to tune any system without 
considering tool wear. It has also been shown in these experiments that the developed 
algorithm is of particular advantage for older drill bits.  
6.4 Conclusion 
In this chapter, the advantages of drilling with variable drilling parameters have been 
shown. A decision making algorithm has been designed to select the ideal parameters 
for a given aplication. This algorithm uses the limits of the system in terms of the 
spindle speed and the feed rate, the maximum thrust force allowed and the age of the 
drill bit to calculate the ideal parameters for each of the drilling stages.  
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The algorithm was implemented and tested for three drill bits at diferent ages and two 
maximum thrust forces allowed, 100N and 200N respectively. The results obtained 
were then compared to drilling at constant parameters using the parameters calculated 
for stage II (which is the stage where the thrust force reaches its highest values).  
 
It has been shown that using variable settings, the holes can be drilled at higher feed 
rates, hence reducing the time necessary to drill. Time reductions of up to 33% were 
achieved with this intelligent automated system. The quality of the holes was also 
improved in some cases. There were situations where the settings calculated by the 
algorithm were constant for all stages, meaning that there were scenarios where there 
would be no advantage in drilling with variable settings. On the other hand, there was 
not any scenario were the automated drilling system developed in this chapter would 
yield worse results than drilling with constant settings. 
 
The advantages of drilling with variable settings have been shown to increase with the 
age of the drill bit and for lower forces. As the drill bit ages, the developed system 
yields substantial advantages compared with drilling with constant settings. It is 
therefore concluded that drilling with variable settings has been sucessfully shown to 
improve drilling time and surface quality of the holes drilled for aging drill bits.   
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Chapter 7 Conclusions and Recommendations for 




In this Thesis, an automated drilling system has been developed and successfully 
implemented for the intelligent drilling of carbon composites using a one shot drill bit.   
 
In Chapter 1 the importance and need for this research is established. A literature review 
on several aspects related to the drilling of carbon composites is carried out.  
 
An instrumented drilling ring was designed, built and commissioned for the experiments 
necessary to develop the automated system. This test rig is described in Chapter 2. 
 
The forces and torques developed during drilling were studied and characterised in 
Chapter 3. The thrust force and torque were divided into stages and the drilling and 
reaming process at each of these stages described. Over 300 holes were drilled in order 
to study the characteristics of these signals. The relationship between the maximum 
thrust force and torque and drilling parameters was extracted. It was found that the 
maximum thrust force and torque vary with the feed, the diameter of the drill bit, the 
thickness of the workpiece and the age of the drill bit. The lateral forces produced 
during drilling were also analysed as well as the frequency content of the thrust force 
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and torque, but no relevant results emerged from such analysis. The experiments and 
findings from Chapter 3 are used in Chapter 4. 
 
In Chapter 4 a mathematical model is developed to estimate thrust force. This model 
was based on Shaw’s simplified equations, but several modifications were necessary in 
order for it to be valid for the current application. Shaw’s model is developed for 
estimating the steady state of the drilling process for a common twist drill. In the current 
application, such a steady state never occurs due to the shape of the drill bit being used 
and the thickness of samples being drilled. To overcome such limitations, the diameter 
used for the model was not the diameter of the drill bit but a relationship between the 
diameter of the drill bit and the thickness of the sample being drilled. This alteration 
was proved to work and maximum thrust force and torque could be successfully 
estimated for the holes drilled with a new drill bit. As the drill bit aged, Shaw’s 
simplified equations did not hold and a tool age coefficient was introduced to 
compensate for it. As a result, maximum thrust force and torque were successfully 
estimated for over 300 holes drilled, which for this drill bit is over double its usual life 
expectancy.  
 
The Thrust force in relation to time has also been successfully estimated in Chapter 4. 
The signal was represented by 5 points (or ‘corners’) joined by straight lines. The 
position of each corner was found to be governed by the drill bit shape in relation to the 
material thickness. Hence, the drilling force was found to be position dependent. The 
amplitude of the thrust force was estimated in relation to the maximum thrust force 
referred to above. Applications for this model include: finding the feed which will keep 
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the thrust force under a pre-determined value; estimating tool life for a certain 
application by relating the force produced to the quality of the holes produced; enabling 
defects to be detected when actual forces exceed modelled limits. This mathematical 
model is used for the automated system developed in Chapter 6. 
 
Chapter 5 is dedicated to studying the quality of the holes. The relation between many 
hole quality parameters and the drilling settings was established. It was found in this 
Chapter that older drill bits produce smaller holes than new drill bits, although the 
problem can be minimised by reaming for longer with older drill bits. Reaming time can 
improve size tolerances (although is also known to increase temperature and tool wear). 
It was also found in this chapter that the surface finish of the hole is directly related to 
the age of the drill bit, and to a lesser extent by the spindle speed.  
  
The reaming section finishes the hole to size tolerance. It has been shown in Chapter 5 
that holes reamed for longer presented better roundness and size tolerance. It has also 
been shown that if drilling is stopped just as the cutting edges are through the hole, the 
holes have a tapered shape. This problem is more pronounced for older drill bits.  
  
It has concluded in chapter 5 that the drilling and reaming stage (Stage III) is 
responsible for the effects of tool wear on the surface finish of the hole. Although 
delamination is commonly considered a major problem in the drilling of carbon 




Hence, it is concluded that the age of the drill bit is the most important factor affecting 
the quality of the holes and that within the range of settings tested this can not be 
avoided, though it can be minimized.  
 
The findings from Chapter 5 are used in the design of the automated system developed 
in Chapter 6. 
 
An automated drilling system for variable drilling of carbon composites with the a shot 
drill bit is developed and successfully implemented in Chapter 6. Using the results from 
Chapter 3, Chapter 4 and Chapter 5, a decision making algorithm was designed which 
calculated the best settings for each drilling and reaming stage in a given situation. The 
inputs for this algorithm are: the constraints of the system (maximum thrust force 
allowed, range of spindle speeds and feed rates), the thickness of the workpiece, the 
diameter of the holes and the number of holes previously drilled by the drill bit. The 
settings calculated were used to drill in stages and the results compared to the results 
obtained if drilled with constant feed. It was shown in this Chapter that the developed 
drilling system could improve substantially the time needed to drill the holes while 
respecting all predetermined constraints. The surface finish of the holes was also 
improved in many cases. The advantages of this system are particularly great for drill 
bits which are not new. Taking into consideration that in a manufacturing scenario most 
holes will be drilled with aging drill bits, the developed automated system has the 
potential to bring substantial time savings. A further advantage is that the system 
developed does not require a force sensor, though prior to characterisation of the 
process for the particular drills and workpiece used is necessary.  
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7.2 Recommendations for Future Research 
 
There are various areas of work that could further improve the system developed in this 
thesis, as discussed below. 
 
The mathematical model developed in this work used a linear model for the age of the 
drill bit, which was dependent on the number of holes drilled. Although this solution 
yielded satisfactory results, the tool age should be dependent not only on the number of 
holes drilled but also which settings were used on those drilled holes. Another way of 
making the estimation more robust without having to remodel the tool age coefficient, 
would be to implement “on line” variation of n (number of holes previously drilled). 
This would mean that after each hole is drilled, instead of incrementing n by one, n 
would be calculated taking into consideration the thrust force generated in the previous 
hole drilled. The n used in the tool age coefficient would therefore be a function of the 
thrust force generated in the previous hole instead of the actual number of holes drilled. 
 
All the results found on this thesis are only valid for the range of settings used in the 
experiments. A wider range of settings would therefore allow for a more robust 
solution, and as discussed in Chapter 6, would probably increase the advantages of 
using an automated system with variable settings. 
 
Shaw’s simplified equation were successfully adapted for the current application, but 
improvements could be made if the thrust force estimated did not depend on the feed 
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only (mm/rev), because as shown in Chapter 3 the thrust force varies for the same feed 
(mm/rev) depending on the spindle speed used. If a wider range of spindle speeds and 
feed rates (mm/s) were to be used, it is expected that this discrepancy might cause 
problems. A more complex model for the thrust force would be necessary to overcome 
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Spindle Motor AC Baldor Motor (BSM 63A- 333AA) 
Torque continuos 2.09Nm 
Current continuos 6.43ARMS 
Rated Speed 6000Rpm 
Peak Current 24ARMS 
 
Motion Motor DC Baldor Motor (IM-2250-B14-A23) 
Torque Stall 0.35Nm 
Maximum Speed 5000Rpm 
Maximum Voltage 60VDC 
Voltage Constant Ke = 12 V/KRpm 
Current continuos 3.42 A 
Current Peak 18.5 A 







Single Element Multi-Component Dynamometer  
MC3A-6-1000 
Rated Maximum Loads 
Fz 4450 N 
Fx,Fy 2225 N 
Mz 56.5 Nm 
Mx,My 113 Nm 
 
Typical Sensitivity 
Fz 0.17 µV/(V-N) 
Fx,Fy 0.67 µV/(V-N) 
Mz 33.2 µV/(V-N-m) 
Mx,My 33.2 µV/(V-N-m) 
 
Stiffness  
Fz 31.54 x 106 N/m 
Fx, Fy 2.12 x 106 N/m 
B 2
Mz 2.26  x 104 N-m/radian
 
Non-Linearity 
Fx,Fy,Fz 0.20 ±% FSO 
 
Hysteresis 
Fx,Fy,Fz 0.20% FSO 
 
Resonant Frequency 
Mx,My 1000 Hertz 
 
Calibration Loading Diagram 
 






























MSA -6 Strain Gage Amplifier 
 
Inputs: Six four-arm Wheatstone Bridges (350Ώ) 
Bridge Excitation: 2.5VDC, 5VDC, or 10VDC, jumper selected
Gain: 1000,2000, and 4000, jumper selectable 
Auto-Zero: Push button 
Filter: Two pole low-pass 1000 Hz filter 
Output: +/- 10VDC into a minimum 10K ohm load 
Operating Temperature: 0-125 deg F (-18 to 52deg C) 













Calibration Record Sheet 
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Resin Systems for Advanced Composites
™ F593 is a trademark of Hexcel Corporation, Pleasanton, California.
® HRH, Hexcel, and the Hexcel logo are registered trademarks of Hexcel Corporation, Pleasanton, California.
Description
F593 is a modified 350°F (177°C) curing epoxy system with very low flow for carbon fabric and tape applications
that provides excellent laminate and honeycomb sandwich properties. As a low flow resin, F593 lends itself to net
resin, zero bleed applications. F593’s adhesive properties allow for the elimination of adhesive layers in co-curing
sandwich structures. F593’s low flow minimizes sandwich part porosity.
Features
Uncured
■ Good Tack and Drape for Layup and Assembly
■ Elevated Viscosity During Cure
■ Simple Cure Cycle for Autoclave and Press




Tg dry 341°F (172°C)
Tg wet 268°F (131°C)
Equilibrium moisture absorption 4.2%
Linear coefficient of thermal expansion 3.0 x 10–5 in/in/°F (5.4 x 10–5 cm/cm/°C)
Tensile strength 8.76 ksi (60.4 MPa)
Tensile modulus 0.43 msi (2.96 GPa)
Tensile strain 2%
Fracture toughness, K1C 1.11 ksi in  (1.22 MPa    m )
Strain energy release rate, G1C 2.42 in-lb/in2 (0.42 kJ/m2)
Volatiles after 30 minutes @ 350°F (177°C) 3.92%
Poisson’s ratio 0.35
Gel time @ 350°F (177°C) 9–17 min
Cured
■ Excellent K1C and G1C
■ Good Environment and Impact Resistance
■ Flame-Retardant Version Available 
To Meet FAR 25.853





















































Rheometrics Curve of F593
4¡F (2¡C)/min, 50% Strain, 10 rad/sec,
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Property Carbon Fabrics Carbon Tapes
Prepreg Material description W3T282 F3T584 95 g/m2 145 g/m2 190 g/m2
% Resin content (dry) 38–46 38–46 36–40 36–40 36–40
% Volatiles @ 350°F (177°C) 1–6 1–6 1–4 1–4 1–4
% Flow @ 350°F (177°C) 
4.5 Max. 4.5 Max. 13–25 13–25 13–25
100 psi (689 kPa)
Laminate
Cured thickness per ply – in (cm)
0.0081–0.0096 0.0155–0.018 0.0038–0.0042 0.0059–0.0063 0.0077–0.0083
(0.021–0.024) (0.039–0.046) (0.0097–0.011) (0.015–0.016) (0.020–0.021)
% Fiber volume 45–53 45–53 50–55 50–55 50–55










193 Plain 12.5 x 12.5
42", 60"
Fabrics T-300/3k (106.7, 152.4)
W3G282-42"-F593
Amoco 
































095, 145, 190 n/a n/a
12", 3"–24"
Tapes T-300/12k (30.5, 7.6–61)
T2GXXX-12"-F593
Amoco 
095, 145, 190 n/a n/a
12", 3"–24"
T-300/12k (30.5, 7.6–61)
Note: F593 carbon tapes and fabrics may be produced with various carbon fiber types and tow sizes. In designating tapes and fabrics, the second digit represents the tow








Carbon Fabrics Carbon Tapes
°F (°C) W3G282 F3T584 T2G145 T2G190
Tensile strength, ksi (MPa) –65 (–54) Dry 70.4 (485) 73.7 (508) 220.0 (1517) 184.0 (1269)
Tensile modulus, msi (GPa) –65 (–54) Dry 8.0 (55.2) 8.4 (57.9) 18.3 (126.2) 17.9 (123.4)
Tensile strength, ksi (MPa) 75 (24) Dry 92.4 (637) 81.7 (563) 251.0 (1731) 193.0 (1331)
Tensile modulus, msi (GPa) 75 (24) Dry 8.2 (56.5) 8.1 (55.9) 17.3 (119.3) 17.4 (120.0)
Tensile strength, ksi (MPa) 160 (71) Dry 67.0 (462) 84.3 (581) – 207.0 (1427)
Tensile modulus, msi (GPa) 160 (71) Dry 7.5 (51.7) 7.8 (53.8) – 17.6 (121.4)
Tensile strength, ksi (MPa) 160 (71) Wet 60.8 (419) 74.4 (513) – –
Tensile modulus, msi (GPa) 160 (71) Wet 7.2 (49.6) 7.6 (52.4) – –
Tensile strength, ksi (MPa) 200 (93) Dry 60.9 (420) – 257.0 (1772) 254.0 (1751)
Tensile modulus, msi (GPa) 200 (93) Dry 7.8 (53.8) – 18.8 (129.6) 18.3 (126.2)
Compression strength, ksi (MPa) –75 (–59) Dry 108.0 (745) 92.9 (641) 250.0 (1724) 259.0 (1786)
Compression modulus, msi (GPa) –75 (–59) Dry 7.3 (50.3) 8.4 (57.9) 16.6 (114.5) 15.7 (108.3)
Compression strength, ksi (MPa) 75 (24) Dry 91.0 (627) 74.9 (516) 244.0 (1682) 240.0 (1655)
Compression modulus, msi (GPa) 75 (24) Dry 7.4 (51.0) 7.5 (51.7) 16.0 (110.3) 16.6 (114.5)
Compression strength, ksi (MPa) 160 (71) Dry 77.7 (536) 57.7 (398) 223.0 (1538) 223.0 (1538)
Compression modulus, msi (GPa) 160 (71) Dry 7.0 (48.3) 6.8 (46.9) 16.9 (116.5) 16.7 (115.1)
Compression strength, ksi (MPa) 160 (71) Wet 59.5 (410) 51.8 (357) 181.0 (1248) 179.0 (1234)
Compression modulus, msi (GPa) 160 (71) Wet 6.5 (44.8) – – –
Compression strength, ksi (MPa) 200 (93) Dry 68.0 (469) – 199.0 (1372) 211.0 (1455)
Compression modulus, msi (GPa) 200 (93) Dry 6.8 (46.9) – 16.6 (114.5) 16.5 (113.8)
Compression after impact 
strength, ksi (MPa)
75 (24) Dry – – – 26.6 (183)
Sandwich flatwise tension, psi (kPa) –75 (–59) Dry 679 (4682) – – –
75 (24) Dry 697 (4806) – 767 (5288) 753 (5192)
200 (93) Dry 565 (3896) – – 489 (3372)
200 (93) Wet 430 (2965) – – –
Sandwich long beam bending, lb (kg) –75 (–59) Dry 410 (186) – 395 (180) 381 (173)
75 (24) Dry 322 (146) – 349 (159) 358 (163)
200 (93) Dry 236 (107) – 252 (115) 245 (111)
200 (93) Wet 200 (91) – – –
Fabric mechanical testing: tensile, compression, and sandwich long beam bending were performed in the fill direction.
The panel configuration for fabric sandwich flatwise tension and long beam bending is 2 plies of (0°/90°) fabric per skin with HRH®–10 1/8"–8.0# honeycomb core.
The panel configurations for tape sandwich flatwise and long beam bending are: 
T2G 145; [0°, 90°, 0°]; 3 plies 
T2G 190; [0°, 90°]; 2 plies 
per skin with HRH–10 1/8"–8.0# honeycomb core.
The laminate configuration for compression after impact testing is [+45°, 0°, –45°, 90°] 3s, with an impact energy of 270 in-lb (3.1 m-kg).
The laminate wet conditioning is defined as 14 ± 1 day of water immersion @ 160 ± 5°F (71 ± 3°C).
The sandwich panel wet conditioning is defined as 24 ± 1 hour of humidity conditioning @ 160 ± 5°F (71 ± 3°C) and a minimum of 95% relative humidity.
Reported property values are averages to which no statistical assurance should be associated. While Hexcel believes that the data contained herein are factual, the data are
not to be taken as warranty or representation for which Hexcel assumes legal responsibility. They are offered solely for your consideration, investigation, and verification.
Mechanical Properties
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F593™ Product Data
Cure Cycle Cure Procedure
Storage
F593 prepreg should be sealed in a polyethylene bag and refrigerated, preferably below 32°F (0°C). Following
removal from refrigerated storage, allow the prepreg to reach room temperature before opening the polyethylene
bag to avoid moisture condensation. Shelf life: 6 months @ 0°F (–18°C), 3 months @ 40°F (4°C).
Shipping
Prepreg fabric and tape are generally shipped in sealed polyethylene bags in insulated containers packed 
with dry ice.
Disposal of Scrap
Disposal of this material should be in a secure landfill in accordance with state and federal regulations.
Handling and Safety Precautions
Hexcel recommends that customers observe established precautions for handling epoxy resins and fine fibrous
materials. Operators working with this product should wear clean, impervious gloves to reduce the possibility of
skin contact and to prevent contamination of the material.
Airborne graphite as a result of sawing, grinding, etc., can present electrical shorting hazards; refer to NASA
Technical Memorandum 78652. Material Safety Data Sheets (MSDS) have been prepared for all Hexcel products
and are available to company safety officers on request from your nearest Hexcel Sales Office.
Important
Hexcel Corporation makes no warranty, whether expressed or implied, including warranties of merchantability 
or of fitness for a particular purpose. Under no circumstances shall Hexcel Corporation be liable for incidental,
consequential, or other damages arising out of a claim from alleged negligence, breach of warranty, strict liability
or any other theory, through the use or handling of this product or the inability to use the product. The sole liability
of Hexcel Corporation for any claims arising out of the manufacture, use, or sale of its products shall be for the
replacement of the quantity of this product which has proven to not substantially comply with the data presented
in this bulletin. Users should make their own assessment of the suitability of any product for the purposes
required. The above supercedes any provision in your company’s forms, letters, or other documents.
For technical assistance, applications and procedures, or further information, please contact:
Administrative Office and 
Customer Service Center






Duxford, Cambridge CB2 4QD
United Kingdom
Tel 44 (0) 1223 833141
Fax 44 (0) 1223 838808
Sales Offices














A. Apply vacuum of 22 in (74 kPa) Hg minimum.
B. Apply 45 ± 5 PSIG (310 ± 34 kPa) pressure for
laminates/sandwich panels.
C. Vent vacuum bag to atmosphere when pressure reaches 
20 + 10 PSIG – 0 (138 + 69 kPa – 0).
D. Following cure, when the part temperature has fallen to
140°F (60°C), pressure can be relieved and the part 
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